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FOREWORD 

This  F i n a l  Techn ica l  Report  covers  work performed unde r  Con t rac t  
NAS 8-21476. This  c o n t r a c t  was i n i t i a t e d  1 October  1968. The des ign  and 
f a b r i c a t i o n  po r t ion  of the  c o n t r a c t  was completed 30 June  1971. 
p o r t i o n  was completed 3 August 1972. T h i s  manuscr ipt  was r e l e a s e d  by t h e  
a u t h o r s  i n  November 1972 f o r  p u b l i c a t i o n  a s  a Goodyear Engineer ing  Repor t .  

The t e s t i n g  

This  c o n t r a c t  w i th  Goodyear Aerospace Corpora t ion ,  Akron, Ohio was 
i n i t i a t e d  by t h e  Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion ,  George C. 
Marsha l l  Space F l i g h t  Cen te r ,  H u n t s v i l l e ,  Alabama, 35812. It was accomplished 
under  t h e  t e c h n i c a l  d i r e c t i o n  of M r .  D .  E. P ryor ,  S & E-ASTN-PPB. 

M r .  C. N.  S c o t t  of  Goodyear Aerospace Corpora t ion  a c t e d  a s  p r o j e c t  
e n g i n e e r  on t h i s  program. H e  was a s s i s t e d  by M r .  R.  W. Nord l ie .  M r .  
J .  T .  H a r r i s  was r e s p o n s i b l e  f o r  t h e  Airmat weaving o p e r a t i o n s ,  M r .  W. W .  
Sowa was r e s p o n s i b l e  f o r  t h e  thermal  and Flow Ana lys i s ,  and M r .  N. C .  Costakos 
was r e s p o n s i b l e  f o r  t h e  S t r u c t u r a l  Ana lys i s .  
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ABSTRACT 

Th i s  r e p o r t  summarizes the  work performed on Con t rac t  NAS 8-21476. The 
o b j e c t i v e  of  t h i s  program was t o  perform p re l imina ry  r e s e a r c h  and technology 
toward the  development of a t r a n s p i r a t i o n  cooled i n f l a t a b l e  nozz le  ex tens ion .  
The 5-2  engine  of t h e  Saturn-Apollo launch v e h i c l e  was s e l e c t e d  a s  a des ign  
a p p l i c a t i o n  t e s t - b e d  t o  provide r e a l i s t i c  o p e r a t i o n a l  parameters and a 
p o s s i b l e  h o t  f i r i n g  demonst ra t ion .  The nozz le  e x t e n s i o n  a t t a c h e d  a t  t h e  
27 .5  t o  1 a r e a  r a t i o  of t h e  b a s i c  5-2 nozzle  e x i t  and extended t o  an a r e a  
r a t i o  of 48 t o  1 .  The f i n a l  nozzle e x t e n s i o n  des ign  a s  evolved d u r i n g  t h i s  
e f f o r t  u t i l i z e d  c o n i c a l l y  woven s t a i n l e s s  s t e e l  Airmat" a s  the  major con- 
s t r u c t i o n  m a t e r i a l .  Model and f u l l - s c a l e  nozz le  e x t e n s i o n s  were f a b r i c a t e d  
and t e s t e d  a l though  an a c t u a l  5-2 h o t  f i r i n g  demonst ra t ion  was n o t  p o s s i b l e  
due t o  t h e  l a c k  of a proper a l t i t u d e  t es t  o p p o r t u n i t y .  

* 
T.M. ,  Goodyear Aerospace Corpora t ion ,  Akron, Ohio 
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SECTION I 

SUMMARY 

Goodyear Aerospace Corpora t ion  (GAC) des igned ,  deve loped ,  and f a b r i c a t e d  
a n  ex tendab le  t r a n s p i r a t i o n  cooled nozz le  e x t e n s i o n  a p p l i c a b l e  t o  t h e  5 - 2  
Rocket Engine.  Cold Flow and deployment tests were performed by NASA, a t  
t h e  George C.  Marsha l l  Space F l i g h t  Cen te r ,  w i t h  t h e  nozz le  e x t e n s i o n  
i n s t a l l e d  on a 5 - 2  Engine t e s t  f a c i l i t y .  

* The nozz le  e x t e n s i o n  was f a b r i c a t e d  us ing  a woven s t a i n l e s s  s t ee l  Airmat 
m a t e r i a l .  The Airmat was f a b r i c a t e d  i n t o  a c o n i c a l  shape and t h e  o u t e r  s u r -  
f a c e  was coa ted  with a s i l i c o n e  e las tomer  t o  make it  gas  t i g h t ,  The i n n e r  
s u r f a c e  which had been woven t o  a c o n t r o l l e d  p o r o s i t y  was n o t  coa ted .  

The d e s i g n  concept was t o  p r e s s u r i z e  t h e  Airmat nozz le  e x t e n s i o n  u t i l i z i n g  
t h e  exhaus t  gas from t h e  rocke t  engine pump d r i v e  t u r b i n e .  The gas  would flow 
through t h e  i n n e r  s u r f a c e  of the Airmat and coo l  t h i s  s u r f a c e  from t h e  h o t  
r o c k e t  engine  exhaus t  gases .  

The nozz le  e x t e n s i o n  was designed t o  be mounted t o  t h e  e x i s t i n g  5 - 2  
nozz le .  A f t e r  i n s t a l l a t i o n  i t  can be  packaged by r o l l i n g  up t h e  nozz le  
e x t e n s i o n  around t h e  lower extremes of the e x i s t i n g  f i x e d  nozz le  a s  shown i n  
F i g u r e  61. During space f l i g h t  the nozz le  e x t e n s i o n  would be a u t o m a t i c a l l y  
deployed du r ing  t h e  engine  s t a r t  as t h e  t u r b i n e  exhaus t  p r e s s u r a n t  e n t e r s  
t h e  r o l l e d  up e x t e n s i o n  package and u n f u r l s  i t  a s  shown i n  F i g u r e  61, V i e w s  
B ,  C ,  D ,  and E .  The e f f i c i e n c y  of t h e  rocke t  engine  i n  space  f l i g h t  w i l l  
be  inc reased  by v i r t u e  of t h e  h ighe r  expansion r a t i o .  

The p r e s e n t  5-2 nozz le  h a s  an expans ion  r a t i o  of 27.5 t o  1 a t  i t s  e x i t .  
The nozz le  e x t e n s i o n  f a b r i c a t e d  increased  t h e  e x i t  expansion r a t i o  t o  48 t o  
1. S t u d i e s  were a l s o  conducted showing t h a t  t he  expansion r a t i o  can be 
i n c r e a s e d  t o  55 t o  1 o r  more. 

The f a c t o r s  t h a t  l i m i t  t h e  nozzle  ex tens ion  l eng th  a r e  t h e  supply  of 
p r e s s u r i z i n g  gas  and t h e  technology of weaving c o n i c a l  Airmat.  The p r e s s u r i z i n g  
gas  f low r a t e  f o r  t h e  5-2 Rocket Engine was 5.22 pounds p e r  second. I n c r e a s i n g  
t h e  f low r a t e  would a l low l o n g e r  nozzle  ex tens ions  t o  be  ope ra t ed .  Development 
of a n  Airmat loom capable  o f  weaving w i d e r  c o n i c a l  Airmat w i t h  a t i g h t e r  i nne r  
f a c e  p o r o s i t y  would a l s o  make longer nozz le  ex tens ions  p r a c t i c a l .  

The b a s i c  d e s i g n  involved  c o n t r o l  of t h e  Airmat i n n e r  f a c e  p o r o s i t y  s o  
t h a t  t h e  r e q u i r e d  Airmat i n t e r n a l  p r e s s u r e  could be achieved w i t h  t h e  a v a i l a b l e  
gas  supply .  The Airmat nozz le  ex tens ion  c a r r i e s  t h e  t h r u s t  l oads  from t h e  
r o c k e t  engine exhaus t  gases  forward t o  t h e  e x i s t i n g  nozz le .  To e l i m i n a t e  any 
compression stresses i n  t h e  Airmat,  t h e  nozz le  e x t e n s i o n  must be p r e s s u r i z e d  
s o  t h a t  t h e  combined stresses a r e  t e n s i o n  s t resses .  The p r e s s u r e  a c t u a l l y  
achieved  f o r  t h e  s p e c i f i e d  gas  supply i s  a f u n c t i o n  of t h e  Airmat i n n e r  f a c e  
p o r o s i t y  , 

* 
T.M., Goodyear Aerospace Corpora t ion ,  Akron, Ohio 
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The d e s i r e d  p o r o s i t y  requirement  was 1.0 pe rcen t  o r  lower and a develop-  
ment weaving program was conducted.  Labora tory  t e s t s  i n d i c a t e d  t h a t  p o r o s i t i e s  
of 1.10 pe rcen t  a t  10 p s i  p r e s s u r e  and 0.95 pe rcen t  a t  7 p s i  p re s su re  were 
achieved .  It was concluded t h a t  t i g h t e r  weaves could  be achieved by r e f i n i n g  
t h e  weaving techniques  and equipment.  

The development weaving program included t h e  development of t h e  techniques  
f o r  weaving of c o n i c a l  Airmat.  With t h i s  t echn ique ,  t h e  nozz le  e x t e n s i o n  can  
be f a b r i c a t e d  from one p iece  of Airmat .  T h i s  advanced t h e  s t a t e - o f - t h e - a r t  
i n  f a b r i c a t i o n  a s  p rev ious  nozz le  ex tens ions  have been f a b r i c a t e d  by t a i l o r i n g  
f l a t  Airmat t o  form a cone. 

The t e c h n i c a l  achievements performed on t h i s  program a r e  r epor t ed  i n  
d e t a i l  i n  t h i s  r e p o r t .  The program p lan  inc luded  p re l imina ry  des ign ,  l abo ra -  
t o r y  t e s t i n g ,  t e s t i n g  of a sub - sca l e  model, development weaving, f i n a l  des ign ,  
f a b r i c a t i o n ,  and t e s t i n g  of a f u l l - s c a l e  nozz le  e x t e n s i o n .  S e v e r a l  supplementa l  
i n v e s t i g a t i o n s  were a l s o  conducted and a r e  summarized i n  t h i s  r e p o r t .  

The deployment t e s t i n g  of t h e  f u l l - s c a l e  nozz le  e x t e n s i o n  was q u i t e  
s u c c e s s f u l .  The nozz le  e x t e n s i o n  was i n s t a l l e d  on t h e  5-2 nozz le  and r o l l e d - u p  
over  t h e  nozzle .  The nozz le  e x t e n s i o n  deployed s a t i s f a c t o r i l y  from t h i s  
p o s i t i o n .  A t o t a l  o f  e l even  deployment t e s t s  were conducted.  
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SECTION I1 

INTRODUCTION 

Goodyear Aerospace Corpora t ion  h a s ,  f o r  s e v e r a l  y e a r s ,  conducted a con- 
t i n u i n g  r e s e a r c h ,  development and f a b r i c a t i o n  program f o r  h igh  expansion 
r a t i o ,  packageable nozz le  ex tens ions  f o r  bo th  l i q u i d  and s o l i d  rocke t  eng ines .  
Extens ions  have been f a b r i c a t e d  and t e s t e d  f o r  t h e  T i t a n  I1 second-stage 
e n g i n e ,  t h e  Aerobee Rocket Engine,  and t h e  Genie and Skybol t  s o l i d  p r o p e l l a n t  
rocke t  motors .  A l l  of  t h e s e  nozz le  ex tens ions  used a n  a b l a t i v e  e l a s t o m e r i c  
l i n e r  supported by a n  i n t e r n a l l y  p re s su r i zed  t e x t i l e  Airmat 
s t r u c t u r e .  These nozz le  e x t e n s i o n s  had expansion r a t i o s  r ang ing  from 40 t o  1 
f o r  the Aerobee engine  t o  100 t o  1 f o r  the T i t a n  I1 second-s tage  engine .  

suppor t ing  

The t e s t  of t h e s e  e x t e n s i o n s  showed t h a t  t h e  concept  was f e a s i b l e  wi th  
t h e  three problem a r e a s  r e q u i r i n g  f u r t h e r  development; (1) a more e f f e c t i v e  
e l a s t o m e r i c  a b l a t i v e  m a t e r i a l ,  (2)  nozz le  e x t e n s i o n  a t tachment  development, 
and (3) weight  r educ t ion .  

Recognizing t h e  p o t e n t i a l s  of an  e f f e c t i v e  h igh  expans ion  r a t i o  nozz le  
e x t e n s i o n  f o r  space a p p l i c a t i o n s ,  the  Na t iona l  Aeronaut ics  and Space Adminis- 
t r a t i o n ,  Marsha l l  Space F l i g h t  Center ,  H u n t s v i l l e ,  Alabama and Goodyear 
Aerospace Corpora t ion  m e t  t o  d i s c u s s  nozz le  e x t e n s i o n s  t h a t  d i d  no t  employ 
a n  i n s u l a t i o n  l i n e r  on t h e  i n n e r  wal l .  These d i s c u s s i o n s  r e s u l t e d  i n  t h e  
e v o l u t i o n  of a concept  i n  which a nozzle ex tens ion  would be  f a b r i c a t e d  from 
s t a i n l e s s  s t e e l  Airmat.  By u s i n g  the gas  exhausted from t h e  r o c k e t  engine  
p r o p e l l a n t  pump d r i v e  t u r b i n e ,  t h e  nozz le  e x t e n s i o n  would be p re s su r i zed .  The 
i n n e r  w a l l  of t h e  nozz le  e x t e n s i o n  would be cooled by t h e  mass t r a n s f e r  of t h e  
p r e s s u r i z i n g  gas  through t h e  porous i n n e r  w a l l  of t h e  nozz le  ex tens ion .  Before 
embarking on a f u l l - s c a l e  nozz le  ex tens ion  development program, i t  was necessary  
t o  a s c e r t a i n  t h e  f e a s i b i l i t y  of t h e  concept .  

A program was i n i t i a t e d  w i t h  t h e  North American Rockwell Corpora t ion ,  
Rocketdyne D i v i s i o n ,  Canoga P a r k ,  C a l i f o r n i a  f o r  t h e  f i r s t  s t e p  i n  e s t a b l i s h -  
i n g  f e a s i b i l i t y  of  t h e  t r a n s p i r a t i o n  coo l ing  concept .  The program was d iv ided  
i n t o  two phases .  The f i r s t  phase was a des ign  phase and t h e  second was a 
f u l l - s c a l e  nozz le  e x t e n s i o n  f a b r i c a t i o n  phase i n  which a f u l l - s c a l e  ex tens ion  
hav ing  a 55 t o  1 expans ion  r a t i o  was t o  be f a b r i c a t e d  and demonst ra t ion  t e s t e d  
on t h e  J-2X r o c k e t  engine .  Phase I was au tho r i zed  and s t a r t e d  on 19 October  
1967 and completed on 31 December 1967. Phase I1 was d e l e t e d  i n  f avor  of 
Con t rac t  NAS 8-21476. 

During t h e  Phase I Program, a p re l imina ry  des ign  of t h e  nozz le  e x t e n s i o n  
a l o n g  wi th  s u p p o r t i n g  d e s i g n  t e s t i n g ,  s t ress  a n a l y s i s  and thermal  a n a l y s i s  was 
completed.  A major p a r t  of t h i s  e f f o r t  was a weaving i n v e s t i g a t i o n  i n  which 
t h e  Goodyear Aerospace development loom was s e t  up and sample m a t e r i a l  of 
v a r i o u s  weave p a t t e r n s  woven f o r  t e s t i n g .  These samples were then  t e s t e d  
under  cold flow c o n d i t i o n s  t o  e s t a b l i s h  t h e  p o r o s i t y  o f  t h e  woven m a t e r i a l .  
The samples were then  h o t  f i r e  t e s t e d  u s i n g  a sma l l  oxygen-hydrogen rocke t  
eng ine  t o  e s t a b l i s h  t h e  thermal  c h a r a c t e r i s t i c s  of t h e  woven m a t e r i a l  and t o  
v e r i f y  t h e  f low and thermal  a n a l y s i s  p r e d i c t i o n s .  These tes ts  proved t h e  
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f e a s i b i l i t y  of pursu ing  t h e  development of t h e  f u l l - s c a l e  e x t e n s i o n s .  Fo r  a 
complete d i s c u s s i o n  of t h i s  e f f o r t ,  s e e  Reference 1 . 

Subsequent t o  t h i s  e f f o r t ,  t h e  Na t iona l  Aeronau t i c s  and Space Adminis t ra-  

Phase I was a des ign  
t i o n ,  George C. Marsha l l  Space F l i g h t  Center ,  H u n t s v i l l e ,  Alabama prepared  a 
r e q u e s t  f o r  proposal  f o r  a 13-month, two-phase program. 
and des ign  t e s t i n g  phase and Phase I1 was a f a b r i c a t i o n  phase f o r  two f u l l -  
scale nozz le  ex tens ions  f o r  t h e  J -2s  engine.  One of  t h e s e  nozz le  e x t e n s i o n s  
w a s  t o  be  a h a l f  l e n g t h  and t h e  o t h e r  a f u l l  l e n g t h  one. 
nozz le  w a s  t o  a t t a c h  t o  t h e  J -2s  engine  a t  a n  expansion r a t i o  of 40 t o  1 and 
ex tend  t o  a n  expansion r a t i o  of 80 t o  1. 
m i t t e d  by and a c o n t r a c t ,  NAS8-21476,awarded t o  Goodyear Aerospace t o  proceed 
w i t h  t h e  program. 

The f u l l  l e n g t h  

A p roposa l ,  Reference 2 ,  w a s  sub- 

A s c a l e  model  nozz le  e x t e n s i o n  was f a b r i c a t e d  and t e s t ed  on a hydrogen- 
oxygen eng ine .  This  t e s t i n g  f u r t h e r  proved t h e  f e a s i b i l i t y  of t h e  packageable ,  
t r a n s p i r a t i o n  cooled nozz le  ex tens ion .  This  t e s t  was s c a l e d  and conducted a t  
c o n d i t i o n s  matching t h e  o p e r a t i n g  cond i t ions  of t h e  f u l l  s c a l e  J-2s eng ine .  

The r e s u l t s  of t h e  e f f o r t  expended on t h e  Phase I program poin ted  up 
c e r t a i n  a r e a s  f o r  product  improvement and t h e  need t o  conduct  c e r t a i n  t e s t s  
t o  s u b s t a n t i a t e  t heo ry  used i n  t h e  thermal  a n a l y s i s  and a d d i t i o n a l  e f f o r t  t o  
complete t h e  ex tens ion  des ign .  A s  a r e s u l t ,  Phase I1 was r e s t r u c t u r e d  and 
implemented t o  add t h e  a d d i t i o n a l  t a s k s .  

Midway through t h e  program t h e  ex tendable  nozz le  a p p l i c a t i o n  was changed 
from the  J-2s t o  t h e  5-2 rocke t  engine  by NASA d i r e c t i o n .  

Two nozzle  e x t e n s i o n  a s sembl i e s  and one manifold assembly were f a b r i -  
c a t e d  and d e l i v e r e d  t o  NASA f o r  t e s t i n g .  Cold flow tes ts  and deployment 
t es t s  were subsequent ly  performed. 

Th i s  r e p o r t  summarizes t h e  program e f f o r t  and r e s u l t s  f o r  t h e  program. 
A complete b ib l iog raphy  i s  fu rn i shed  f o r  use should t h e  r e a d e r  wish d e t a i l  
i n fo rma t ion  on t h e  s p e c i f i c  t a s k s .  
e f f o r t  du r ing  t h e  pe r iod  from 3 October 1968 through complet ion.  

This  r e p o r t  summarizes a l l  c o n t r a c t  
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SECTION I11 

EXTENDABLE NOZZLE DESIGN 

A. J-2s NOZZLE EXTENSION DESIGN 

1. General 

During a n  i n i t i a l  e f f o r t  performed under c o n t r a c t  w i th  North American 
Rockwell Corpora t ion ,  Rocketdyne Div i s ion ,  a d e s i g n  of a 55 t o  1 expansion r a t i o  
nozz le  e x t e n s i o n  f o r  t h e  J - 2 X  Rocket Engine was e v a l u a t e d .  Th i s  e f f o r t  i nc luded  
drawings,  s t r u c t u r a l  a n a l y s i s  and thermal a n a l y s i s .  A complete d e s c r i p t i o n  of 
t h i s  e f f o r t  was inc luded  i n  Reference 1. 

I n  t h e  i n t e r i m  between t h e  conclus ion  of t h i s  o r i g i n a l  e v a l u a t i o n  and t h e  
e s t a b l i s h m e n t  of t h i s  c o n t r a c t ,  the J - 2 X  eng ine  e f f o r t  evolved i n t o  t h e  pre-  
l imina ry  development of a n  advanced v e r s i o n  of  t h e  5-2  b a s i c  engine  known a s  
t h e  J-2s. 

The b a s i c  concept was maintained f o r  t h e  J-2s Rocket Engine; b u t ,  due 
t o  d i f f e r e n c e s  i n  c o n f i g u r a t i o n  and o p e r a t i n g  parameters between the  J - 2 X  
and J-2s e n g i n e s ,  c e r t a i n  changes i n  t h e  b a s i c  des ign  were r e q u i r e d .  These 
changes a r e  desc r ibed  i n  t h e  fo l lowing  paragraphs.  

2 .  J-2s Nozzle Design Data 

The b a s i s  f o r  t h e  J-2s nozz le  e x t e n s i o n  des ign  was d a t a  supp l i ed  by 
NASA and shown i n  Table I. Included w i t h  t h i s  d a t a  were p l o t s  of nozz le  
exhaus t  gas h e a t  t r a n s f e r  c o e f f i c i e n t  versus  a x i a l  d i s t a n c e  from t h e  J-2s 
e x i t  plane and engine exhaus t  p re s su re  ve r sus  a x i a l  d i s t a n c e  from t h e  J-2s 
e x i t  plane.  These p l o t s  a r e  shown i n  F i g u r s  1 and 2 r e s p e c t i v e l y .  

0 10 20 30 4 0  50 

AXIAL DISTANCE FROM . r - 2 s  EXIT PLANE - ~ C H E S  

60 

F i g u r e  1. J-2s Nozzle Exhaust Gas Heat T r a n s f e r  C o e f f i c i e n t s  
(Without t r a n s p i r a t i o n  coo l ing )  
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Table  I. J-2s Nozzle Design C r i t e r i a  

1 
Item 

1. Cool ing  Method 

2 .  Coolant  and Nozzle P r e s s u r a n t  
f o r  Mainstage Opera t ion  

3. Turb ine  Exhaust Gas C h a r a c t e r i s t i c s :  
Composition 
Molecular Weight 
S p e c i f i c  Heat @ Constan t  P r e s s u r e  
S p e c i f i c  Heat Ra t io  
F lowra te  
Tota  1 Temperature 
T o t a l  P r e s s u r e  (Maximum) 

7500 LBf 

24.5 MD/SEC2 
f l / 6  RAD/SEC 

9.7 Fee t  (From Gimbal P o i n t  
t o  J-2s T h r u s t  Chamber E x i t  P lane)  

2 Rows (90" Apart)  of 10 Chrome11 
Alumel .T/C 's  un i formly  spaced 
a l o n g  l eng th  of nozz le  f o r  
measuring porous i n n e r  w a l l  h o t  

. s u r f  ace  t e m p  r a  t u r e s  

2 Rows (90" Apar t  and Oppos i te  
T/C Rows) of 10 p r e s s u r e  t a p s  
uni formly  spaced  a l o n g  l eng th  of 
nozz le  o u t e r  w a l l  f o r  measuring 
i n t e r n a l  ( t u r b i n e  exhaus t  gas) 
p r e s s u r e s  

4 .  T h r u s t  Chamber Combustion Gas: 
Composition ** 
Molecular Weight ** 
S p e c i f i c  Heat @ Constan t  P r e s s u r e  ** 
S p e c i f i c  Heat R a t i o  ( E f f e c t i v e )  
F lowra te 
Ad iaba t i c  Wall Temperature ( E f f e c t i v e )  

1 

Heat T r a n s f e r  C o e f f i c i e n t s  

6. T h r u s t  Chamber Combustion Gas P r e s s u r e  
D i s t r i b u t i o n  on Nozzle I n n e r  Wall Sur face  

7.  Nozzle Deployment Gas: 
Composition 
Temperature 

Maximum Allowable Deployment P r e s s u r e  
I n s i d e  Nozzle 

8 .  Nozz l e  Minimum Temperature Before  
Deplcywc!: and O r i o r  t c  E&se r e s t a r t r  

9. Nozzle Maximum Deployment Time 

10. Maximum Allowable Loads on Engine Due 
t o  Nozzle Deployment 

T o t a l  Long i tud ina l  ( D i r e c t  Af t )  
~~ ~ ~ 

11. Engine Gimbaling Requirements: 
Maximum Angular A c c e l e r a t i o n  
Maximum Angular V e l o c i t y  
Gimbal A r m  Length 

~~~ ~ 

12 .  Nozzle I n s t r u m e n t a t i o n  
Thermocouples 

D e s c r i p t i o n  

Turbine  Exhaust Gas 

50% (wt) H2 - 50% (wt) H20 
3.74 LBM/ LB-MOLE 
2.02 BTU/LBM- "F 

9.0 LBM/SEC * 1.37 

600°F 
20 PSIA 

4% (wt) H2 - 96% ( w t )  H20 
13.507 LBM/LB-MOLE 
0.95 BTUILBM- O F  

1 . 1 7  
602 LBM/SEC 
5 700 "F 

F i e u r e  1 

F igure  2 

G% o r  Turb ine  Exhaust Gas 
-300°F (GH,) o r  600°F (Turbine 
Exhaust Gas) 

50 PSIA 

-6nOF 

2 seconds 
I 

* LOX Turbine  Bypass Flow (3 .7  LBM/SEC) i s  no t  i nc luded  as p a r t  of t h i s  F lowra te  

** 
Evaluated a t  the t h r u s t  chamber combustion gas  s t a t i c  t empera tu res  and 
p res su res  w i t h i n  t h e  nozz le  

E f f e c t i v e  v a l u e  t o  be  used i n  h e a t  t r a n s f e r  a n a l y s i s .  
*** 
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AXIAL DISTANCE FROM J-2s EXIT PLANE -INCHES 

F i g u r e  2 .  J-2s Nozzle Exhaust Gas S t a t i c  P r e s s u r e  D i s t r i b u t i o n  

3. J-2s Nozzle Extens ion Design Desc r ip t ion  

a .  Geometry. The J-2s nozz le  ex tens ion  is  b a s i c a l l y  the  same a s  t h a t  
desc r ibed  i n  Reference 1 f o r  t h e  J - 2 X  ex tens ion  wi th  c e r t a i n  excep t ions .  
These changes a f f e c t  t h e  e x t e n s i o n  c o n f i g u r a t i o n  only.  The ex tens ion  a t t a c h -  
ments t o  t h e  engine  and manifold remain the  same. 

The e x t e n s i o n  i s  a r i g h t - t r u n c a t e d  cone having  a minor d iameter  of 
78.44 i n c h e s ,  a major d iameter  of 109 i n c h e s ,  and a l e n g t h  of 61 inches.  The 
J-2s nozz le  e x t e n s i o n  h a l f - a n g l e  i s  13'54' ( t h e  J-2X e x t e n s i o n  h a l f  a n g l e  was 
14' 03 ' ) .  
r a t i o  of 40 t o  1 (27.5 t o  1 f o r  the J-2X ex tens ion )  and ex tends  t o  an e x i t  
expans ion  r a t i o  of 80 t o  1 (55 t o  1 f o r  t h e  J-2X e x t e n s i o n ) .  

The e x t e n s i o n  a t t a c h e s  to  t h e  J-2s t h r u s t  chamber a t  an expansion 

b. Design. The Airmat cone wall t h i c k n e s s  i s  4 inches .  S ince  t h e  above 
dimensions a r e  f o r  t h e  i n n e r  nozzle  f a c e ,  the  o u t e r  f a c e  dimensions w i l l  be 
co r re spond ing ly  l a r g e r .  

F l a t  Airmat was used i n  t h e  design. Th i s  r equ i r ed  t h a t  t h e  nozz le  
e x t e n s i o n  be f a b r i c a t e d  u t i l i z i n g  e i g h t  go res .  
o u t e r  f a c e  a t  s i x  l o c a t i o n s  t o  a l low f o r  t h e  l a r g e r  o u t e r  s u r f a c e  circumference 
and t h e  s l i t s  c losed  by t a p e  c u t  from t h e  woven pa ren t  m a t e r i a l .  

Each gore was s l i t  on i t ' s  
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c .  Airmat Desc r ip t ion .  The Airmat c o n f i g u r a t i o n  f o r  t h e  J-2s nozz le  
e x t e n s i o n  des ign  i s  a s  fo l lows :  

Warp: 90 f i l amen t  ya rn ,  112 ends per  inch  

F i l l :  300 f i l a m e n t  ya rn ,  80 ends p e r  inch  

Drops : 300 f i l amen t  ya rn ,  4 1  ends p e r  squa re  inch  

Airmat Depth: 4 i nches  

The weight  of t h e  Airmat m a t e r i a l  i s  dependent on the  y a r n  s i z e ,  t h e  
number of ya rns  woven p e r  i nch  i n  t h e  warp and f i l l  d i r e c t i o n s ,  t h e  drop yarn  
d e n s i t y ,  and t h e  Airmat depth .  

The i n d i v i d u a l  s t a i n l e s s  s t e e l  f i l a m e n t s  a r e  approximate ly  one-ha l f  m i l  
i n  d iameter .  
a s  t h e  weight  of  s t a i n l e s s  s t e e l ,  t h e  fo l lowing  d a t a  r e s u l t s .  

C a l c u l a t i n g  t h e  ya rn  volume p e r  u n i t  l e n g t h  and u s i n g  0.28 l b s / i n  3 

90 f i l amen t  y a r n  = 16,900 fee t /pound 

300 f i l a m e n t  ya rn  = 5,050 fee t /pound 

The fo l lowing  A i r m a t  weight  r e s u l t s .  

12 x 1 1 2  + 1 2  x 80 
16,900 5050 One face  = 

= 0.08 + 0.19 

= 0.27 pounds per  square  f o o t  

1 2  x 12 x 41 x 4 
5050 Drop Yarns = 

= 0.46 pounds p e r  square  f o o t  

T o t a l  = 0.27 + 0.46 + 0.27 

= 1.00 pound p e r  square  f o o t  

Thus the  Airmat weight  i s  approximately one (1) pound p e r  square  f o o t .  

4 .  J - 2 s  Nozzle Extension Design Modi f i ca t ions  

The des ign  of t h e  J-2s nozz le  e x t e n s i o n  was l a t e r  modi f ied .  Two major  
des ign  changes were inco rpora t ed .  

The f i r s t  mod i f i ca t ion  involved  t h e  d e s i g n  and f a b r i c a t i o n  of a nonr ig id  
manifold f o r  d i s t r i b u t i o n  of t h e  p r e s s u r i z i n g  gas  t o  t h e  nozz le  e x t e n s i o n .  
The d e s i g n  of  t he  n o z z l e  e x t e n s i o n  mounting r i n g s  was a l s o  a f f e c t e d  by t h i s  
mod i f i ca t ion .  
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The second m o d i f i c a t i o n  involved weaving of c o n i c a l  Airmat i n s t e a d  of 
f l a t  Airmat.  Conica l  woven Airmat allowed f a b r i c a t i o n  of t h e  nozz le  
e x t e n s i o n  from one p i e c e  of A i r m a t .  Th i s  change r e q u i r e d  i n i t i a t i o n  of a 
c o n i c a l  Airmat weaving t a s k .  

a .  P r e s s u r i z a t i o n  Gas D i s t r i b u t i o n  Manifold.  During t h e  d e s i g n  e f f o r t  on 
t h e  J-2s nozz le  e x t e n s i o n ,  i t  was planned t o  use  a manifold t h a t  had been 
designed and f a b r i c a t e d  f o r  t h e  J - 2 X  engine .  I n  o r d e r  t o  use  t h i s  manifold 
on t h e  J-2s eng ine ,  i t  was found t h a t  e x t e n s i v e  m o d i f i c a t i o n  would be r e q u i r e d  
t o  a d a p t  i t  t o  t h e  J-2s engine  and the  nozz le  ex tens ion .  A s  a r e s u l t  of t h i s  
f i n d i n g ,  a t a s k  t o  d e s i g n  and f a b r i c a t e  a manifold f o r  t h e  J-2s engine  and 
nozz le  e x t e n s i o n  was added t o  t h e  program. 

The manifold c o n s i s t e d  o f  a woven s t a i n l e s s  s t e e l  c l o t h  formed i n t o  a 
t o r u s .  The c l o t h  t o r u s  was a t t ached  t o  a s u p p o r t i n g  s t r u c t u r e  which a l s o  
provided f o r  t h e  a t tachment  o f  t h e  t o r u s  t o  t h e  J-2s engine t h r u s t  chamber 
and provided a n  a t tachment  of t h e  nozzle  e x t e n s i o n  t o  t h e  manifold.  The 
o u t e r  f a c e  of t h e  nozz le  e x t e n s i o n  a t t a c h e d  t o  t h e  manifold through a s t a i n -  
less s t ee l  a n g l e  b o l t e d  t o  t h e  mounting s t r u c t u r e .  The i n n e r  f a c e  of t h e  
e x t e n s i o n  a t t a c h e d  t o  t h e  t h r u s t  chamber by means of a s t a i n l e s s  s t e e l  ang le  
r i n g  b o l t e d  t o  t h e  t h r u s t  chamber e x i t  f l ange .  F igu re  3 shows t h e  e x t e n s i o n  
and manifold a t tachment  t o  t h e  J-2s t h r u s t  chamber. 

b. Con ica l  Weaving of J-2s Nozzle Extens ion .  The normal method of producing 
Airmat i s  t o  weave it i n  a f l a t  c o n f i g u r a t i o n  t o  t h e  wid th  and t h i c k n e s s  d e s i r e d .  
To f a b r i c a t e  a c o n i c a l  shape us ing  f l a t  Airmat r e q u i r e s  t h a t  g o r e s  be c u t  t o  

I --I___ .- 

NOZZLE EXIT FLANGE REFERENCE 

F i g u r e  3 .  5-2 Nozzle Reference P o i n t  Loca t ion  
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form t h e  cone.  To a d j u s t  t h e  i n n e r  and o u t e r  Airmat f aces  f o r  the d i f f e r e n c e  
i n  c i rcumference r e q u i r e s  a number of s l i t s  i n  the  o u t e r  f a c e ,  which when t h e  
s l i t  width i s  e s t a b l i s h e d ,  m u s t  be c losed  wi th  t ape  c u t  from t h e  Airmat f ace  
m a t e r i a l .  I n  a d d i t i o n ,  a n  i n n e r  and o u t e r  j o i n t  i s  r equ i r ed  a t  t h e  j u n c t u r e  
of t h e  go res .  

To reduce f a b r i c a t i o n  complexi ty  and i n c r e a s e  o p e r a t i o n a l  r e l i a b i l i t y ,  
t h e  GAC Development Loom was modif ied t o  provide  t h e  c a p a b i l i t y  t o  weave t h e  
nozz le  e x t e n s i o n  Airmat c o n i c a l l y  i n  one p i ece .  Th i s  e l i m i n a t e d  a l l  j o i n t s  
excep t  one inne r  and one o u t e r  j o i n t  where the  ends of t h e  Airmat were j o i n e d .  

5.  Design Support Tes t  Data 

During t h e  des ign  of t h e  J-2s nozz le  e x t e n s i o n , s e v e r a l  t e s t  programs 
were c m d u c t e d  to  s u b s t a n t i a t e  t h e  d e s i g n  and t h e  s t r u c t u r a l  a n a l y s i s .  The 
t e s t  programs were as  fo l lows:  

a .  Yarn T e n s i l e  T e s t s  

b.  Airmat T e n s i l e  T e s t s  

c .  Coat ing M a t e r i a l  T e s t s  

d .  Airmat P o r o s i t y  Tests 

e .  Welding I n v e s t i g a t i o n  

a .  Yarn T e n s i l e  T e s t s .  Three types  of ya rn  were used t o  weave the  Airmat .  
These types  a r e  i d e n t i f i e d  a s  fo l lows :  

Warp: Number 1 9 :  12/90/2Z Type 304 S t a i n l e s s  S t e e l  
w i th  1% PVA Coat ing 

F i l l :  Number 20: 12/300/2Z Type 304 S t a i n l e s s  S t e e l  
Uncoated 

Drops: Number 2 1 :  12/300/2Z Type 304 S t a i n l e s s  S t ee l  
w i th  1% PVA Coat ing 

Yarn was taken from f i v e  spoo l s  s e l e c t e d  a t  random and f i f t e e n  t e s t s  were 
performed on each of t h e  above t h r e e  types  of yarn .  Three t e n s i l e  and t h r e e  
loop t e n s i l e  specimens were t e s t ed  from each spoo l .  

The t e s t s  were conducted a t  ambient tempera ture  on an  I n s t r o n  t e n s i l e  
t e s t  f a c i l i t y .  The specimen gage l eng th  was s i x  inches  and the  s t r a i n  r a t e  
was 10 percent  per minute.  The r e s u l t s  of t h e  t e s t s  a r e  summarized i n  Table  11. 

Loop t e n s i l e  t e s t s  a r e  performed u s i n g  two pieces  of yarn .  Both ends of 
one piece o f  yarn a r e  i n s e r t e d  i n  one jaw of t h e  I n s t r o n  t e s t e r .  The second 
piece of y a r n  i s  looped through t h e  f i r s t  p i e c e  and bo th  ends a r e  i n s e r t e d  i n  
t h e  o t h e r  jaw. The t o t a l  load i n  pounds t o  f a i l  t h e  t e s t  s e t u p  i s  r e p o r t e d .  
F a i l u r e s  occur  a t  t h e  loop of one ya rn  t o  t h e  o t h e r .  

b .  Airmat T e n s i l e  T e s t s .  T e n s i l e  t e s t s  were conducted t o  de te rmine  the 
Airmat f a c e  c l o t h  s t r e n g t h s .  A f t e r  weaving, s i x  specimens were prepared  f o r  
warp t e n s i l e  t e s t s  and s i x  specimens were prepared f o r  f i l l  t e n s i l e  t e s t s .  
The warp ya rns  were 12/90/2Z w i t h  1 1 2  ya rns  p e r  i nch .  The f i l l  ya rns  were 
12/300/2Z wi th  80 ya rns  per  i n c h .  



Table 11. Yarn T e n s i l e  T e s t s  

Yarn No. 

19 

20 

2 1  

U l t .  T e n s i l e  U l t .  Loop T e n s i l e  E longa t ion  A t  
Load, l b s .  Load, l b s .  F a i l u r e ,  % 

5.60 2.51 1 . 2 7  

11.08 7.75 1.08 

1 2  .oo 4.33 1.18 

NOTE: Values a r e  a v e r a g e s  of f i f t e e n  t es t s  

Ravelled t e s t  specimens, one-inch wide,  were prepared.  The t e s t s  were 
conducted u s i n g  t h e  I n s t r o n  T e n s i l e  T e s t  F a c i l i t y .  The specimen gage l eng th  
was f o u r  inches  and t h e  s t r a i n  r a t e  was 15 pe rcen t  p e r  minute.  T e s t  r e s u l t s  
a r e  r e p o r t e d  as pounds p e r  i n c h  of wid th .  

An average  u l t i m a t e  s t r e n g t h  of 225 pounds p e r  inch was ob ta ined  i n  the 
warp d i r e c t i o n ,  and 943 pounds p e r  inch was obta ined  i n  t h e  f i l l  d i r e c t i o n .  

c .  Coating M a t e r i a l  Tests. The e x t e r i o r  s u r f a c e  of t h e  J-2s nozz le  
e x t e n s i o n  r e q u i r e s  an e l a s t o m e r i c  coa t ing  t o  a c t  a s  a gas b a r r i e r  f o r  pre- 
v e n t i o n  of leakage of the  c o o l a n t  gas through t h e  e x t e r i o r  f a c e  of t h e  
e x t e n s i o n .  The e las tomer  requirements were t h a t  i t  would s a t i s f a c t o r i l y  perform 
under o p e r a t i n g  c o n d i t i o n s  of 20 PSI p r e s s u r e  i n  a 625°F tempera ture  environ-  
ment. 

' 

It must remain f l e x i b l e  a f t e r  exposure t o  t h i s  pressure ,and  t empera tu re ,  and 
must have good adhes ion  t o  t h e  Ainnat s u r f a c e .  The e l a s t o m e r  must be capable 
of b e i n g  a p p l i e d  by b rush ing  o r  similar methods. 

A survey  of a v a i l a b l e  c o a t i n g s  was made. Based upon manufac turers  da t a  
and d i s c u s s i o n s  wi th  manufac tu re r s '  r e p r e s e n t a t i v e s ,  a s i l i c o n e  e l a s tomer  
des igna ted  a s  S-2288 and manufactured by Dow-Corning Corpora t ion ,  Midland, 
Michigan was s e l e c t e d  f o r  t e s t .  

Two specimens were tes ted.  The t e s t  specimens were placed i n  a f i x t u r e  
which allowed the  specimen t o  be p re s su r i zed  on t h e  uncoated s i d e .  A f l o w r a t e r  
was i n s t a l l e d  i n  t h e  p r e s s u r i z a t i o n  l i n e  t o  measure leakage should it  occur .  
The t e s t  f i x t u r e  was placed i n  a n  oven and t h e  specimen p r e s s u r i z e d  t o  10 P S I .  
The oven was then  turned  on and the tempera ture  inc reased  t o  625°F. 
t i o n  of t h e  tempera ture  r e q u i r e d  45 minutes .  The p r e s s u r e  was then inc reased  
t o  20 PSI and he ld  f o r  2 minutes.  A f t e r  2 minutes t h e  p r e s s u r e  was inc reased  
t o  25 PSI and he ld  f o r  5 minutes .  The t e s t  was thus  concluded and the specimen 
was removed f o r  v i s u a l  i n s p e c t i o n .  

S t a b i l i z a -  
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Two specimens were t e s t e d  a s  d e s c r i b e d .  Ne i the r  specimen leaked o r  
de lamina ted .  V i sua l  i n s p e c t i o n  a f t e r  t e s t i n g  showed t h a t  t h e  c o a t i n g  remained 
rubbery  and' had no v i s u a l  deg rada t ion .  

A s  a r e s u l t  of t h e s e  t e s t s ,  t h e  S-2288 e l a s tomer  was adopted a s  t he  
c o a t i n g  m a t e r i a l  t o  be s p e c i f i e d  i n  t h e  J-2s nozz le  e x t e n s i o n  des ign .  

d .  P o r o s i t y  Tests. Previous  t e s t s  t o  de te rmine  t h e  p o r o s i t y  o f  GAC woven 
metal  f a b r i c  f o r  u se  i n  t h e  Airmat nozz le  e x t e n s i o n  program were conducted 
u s i n g  n i t r o g e n  gas. These tes t s  were r epor t ed  i n  Reference 1. S i m i l a r  t es t s  
were conducted i n  t h i s  program us ing  hydrogen gas  and t h e  same Airmat m a t e r i a l .  

The a c t u a l  t e s t i n g  was conducted a t  G A C ' s  Wingfoot Lake Hydrogen T e s t  
F a c i l i t y .  The hydrogen gas  supply  was a t r a i l e r - t a n k  having a c a p a c i t y  of 
3000 cub ic  f e e t .  The t r a n s p i r a t i o n  gas  flow was measured by two f l o w r a t e r s  
each equipped with a shu t -o f f  va lve .  The gas supply  t o  t h e  f l o w r a t e r s  was 
r e g u l a t e d  wi th  a two-inch t h r o t t l e  va lve .  Gas p r e s s u r e  was read  on two 
p r e s s u r e  gages ,  one i n s t a l l e d  forward of t h e  f l o w r a t e r s  and one connected t o  
t h e  specimen t e s t  f i x t u r e .  Gas tempera ture  was a l s o  monitored a t  t h e  flow- 
r a t e r s  and a t  the  t e s t  f i x t u r e .  

The t e s t  specimen, Specimen No. 85 a s  desc r ibed  i n  Reference 1, was 
placed i n  t h e  t e s t  f i x t u r e  which had a fou r - inch  squa re  opening. An a i r t i g h t  
s e a l  was achieved by c o a t i n g  t h e  clamping s u r f a c e s  wi th  a n  RTV s i l i c o n e  rubber  
s e a l a n t  m a t e r i a l .  The e n t i r e  system was checked f o r  l eaks  p r i o r  t o  t e s t i n g .  

The a c t u a l  t e s t  r ead ings  a r e  presented  i n  Table  111. These r ead ings  a r e  
conver ted  from SCFM, f l o w r a t e r  r e a d i n g ,  t o  cub ic  f e e t  p e r  minute of hydrogen 
i n  t h i s  t a b l e .  Two runs  were conducted.  The f i r s t  run  measurements were 
recorded  a t  3 .2 ,  7.4 and 12.2 PSIG chamber p r e s s u r e s .  The second run  
r eco rd ings  were a t  1 3 . 7 ,  1 7 ,  and 20 PSIG. On the  second run ,  measurements 
a t  13.8 PSIG were recorded a s  t h e  p r e s s u r e  was b e i n g  reduced.  

The flow r a t e  through t h e  t e s t  specimen was c a l c u l a t e d  u s i n g  t h e  
fo l lowing  equa t ion  when t h e  f low through t h e  t e s t  specimen i s  subsonic .  

and b y  the  fo l lowing  e q u a t i o n  when t h e  f low through t h e  t e s t  specimen i s  s o n i c .  

D iv id ing  both s ides  of t h e  e q u a t i o n s  by t h e  s u r f a c e  a r e a  As e s t a b l i s h e s  
a r e l a t i o n s h i p  by which gas  f low r a t e  p e r  u n i t  s u r f a c e  a r e a  i s  a f u n c t i o n  of 
t h e  Airmat p re s su re  (P1), t h e  back p res su re  (P ) ,  t h e  Airmat gas  tempera ture  ( T i ) ,  

1 2  
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and the  p o r o s i t y  (A/As). 
a r e a  i n  t h e  f a b r i c  d iv ided  by t h e  s u r f a c e  a r e a  o f  t h e  f a b r i c  and i s  unknown. 
During t h e  t e s t ,  t h e  Airmat p r e s s u r e ,  t h e  back p r e s s u r e ,  and temperature were 
measured a s  was t h e  gas f low r a t e .  T h e r e f o r e ,  e v a l u a t i n g  t h e  above e q u a t i o n s  
a s  a f u n c t i o n  of t h e  gas p r o p e r t i e s  and upstream c o n d i t i o n s  and then  s u p e r -  
imposing t h e  measured tes t  d a t a  po in t s  permits  one t o  e s t i m a t e  t h e  e f f e c t i v e  
p o r o s i t y  of the t e s t  specimen. The c a l c u l a t e d  and measured d a t a  i s  p re sen ted  
i n  F igu re  4 .  

The p o r o s i t y  r a t i o  (A/As) i s  de f ined  a s  the  open 

The  c a l c u l a t i o n s  were based on a gas tempera ture  of 70°F. 

S i x  t e s t  p o i n t s  were o b t a i n e d ,  t h r e e  p o i n t s  under subsonic  flow c o n d i t i o n s  
and t h r e e  t e s t  p o i n t s  a t  son ic  flow c o n d i t i o n s .  The back p res su re  in each  
c a s e  was the  ambient s u r f a c e  pressure. Thus t h e  gage p r e s s u r e  along the  
a b s c i s s a  i s  t h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  t e s t  specimen. The range 
chosen encompasses the  p re s su re  range expec ted  i n  t h e  a c t u a l  J-2s nozzle  
a p p l i c a t i o n .  

The t e s t  d a t a  when p l o t t e d  i n  F igu re  4 i n d i c a t e s  t h a t  the e f f e c t i v e  
p o r o s i t y  v a r i e d  from approximately 0.007 a t  a p r e s s u r e  d i f f e r e n t i a l  of 3 p s i g  
t o  0.010 a t  20 p s i g .  
t h e  t e s t  d a t a  i s  cons idered  t o  be q u i t e  good. 

The c o r r e l a t i o n  between t h e o r e t i c a l  c a l c u l a t i o n s  and 

The e f f e c t i v e  p o r o s i t y  appears  t o  i n c r e a s e  w i t h  t h e  t e s t  p re s su re .  The 

Apparently t h e  p h y s i c a l  value of CdA i n c r e a s e s  
t h e o r e t i c a l  p o r o s i t y  curves  were developed u s i n g  t h e  term CdA a s  a c o n s t a n t  
over  t h e  range of p r e s s u r e s .  
w i th  p r e s s u r e .  T h e o r e t i c a l  c a l c u l a t i o n s  do no t  compensate f o r  t h i s  cons ide ra -  
t i o n .  

An o b j e c t i v e  of t h i s  t e s t  program was t o  compare t h e  f low data  r e p o r t e d  
i n  Reference  1 f o r  n i t r o g e n  gas with f low d a t a  obta ined  i n  t h i s  t e s t  program 

13 



. 60 I I  I 1 1 1  L 1 I . I  I I  I I  
OSpecimen No. 85 

TEST GAS GH, - L 

- . 50 

. 4 0  

. 3 0  

.IO 

0 
0 5 10 IS 

PRESSURE (PSIG) 

20 

Figure  4 .  Mass V e l o c i t y  vs Airmat P r e s s u r e  

f o r  hydrogen gas ,  I n  both c a s e s  t h e  t e s t  specimens were of t h e  same m a t e r i a l .  
Only s o n i c  flow d a t a  was recorded  du r ing  t h e  n i t r o g e n  gas t e s t  se r ies .  The 
tes t  d a t a  a l s o  ind ica t ed  a l i n e a r  i n c r e a s e  i n  t h e  p o r o s i t y  a s  t h e  p re s su re  
inc reased .  
0.014 i n  t h e  13 t o  20 P S I  range .  The t e s t  d a t a  of t h e  two t e s t  ser ies  c o r r e -  
l a t e  q u i t e  w e l l  wi th  the  t h e o r e t i c a l  c a l c u l a t i o n s .  This  i n fo rma t ion  was used 
i n  t h e  thermal  a n a l y s i s  of t h e  J-2s nozz le  e x t e n s i o n  and f o r  t h e  sub - sca l e  t e  
mode 1. 

The p o r o s i t y  i n  t h e  n i t r o g e n  t e s t  se r ies  v a r i e d  from 0.012 t o  

e .  Welding I n v e s t i g a t i o n .  I n  connec t ion  wi th  t h e  des ign  of t h e  J-2s Nozz 
Ex tens ion ,  a r e s i s t a n c e  welding i n v e s t i g a t i o n  was conducted t o  e s t a b l i s h  t h e  
j o i n i n g  d e t a i l s  a p p l i c a b l e  t o  t h e  nozz le  d e s i g n .  A welding schedule  was 
e s t a b l i s h e d  t h a t  provides  j o i n t  s t r e n g t h s  t h a t  s a t i s f y  nozz le  s t r u c t u r a l  
s t r e n g t h  requirements .  

The des ign  of t h e  J-2s no7zle  e x t e n s i o n  i s  such t h a t  welding equipment 
t h a t  could be  used is  g e n e r a l l y  l i m i t e d  t o  t h e  type capab le  of  making w e l d s  
from one s i d e  of t h e  m a t e r i a l ,  T h i s  l i m i t s  a v a i l a b l e  equipment t o  two types  
of Weldmatic c a p a c i t o r - d i s c h a r g e  power s u p p l i e s ,  45 and 160 wat t - second,  used 
i n  c o n j u n c t i o n  with e i t h e r  a l i g h t - d u t y  o r  heavy-duty hand probe.  
determined t h a t  e i t h e r  of t h e  two power s u p p l i e s  would perform s a t i s f a c t o r i l y .  
The heavy-duty hand probe was p r e f e r r e d  over  t h e  l i g h t - d u t y  probe.  

I t  was 
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B u t t  and l a p  type  j o i n t s  were compared. The s t r e n g t h  of  t h e  w e l d e d  b u t t  
j o i n t  was i n  g e n e r a l  h i g h e r  than  the s t r e n g t h  of t h e  w e l d e d  l a p  j o i n t s .  B u t t  
t ype  j o i n t s  were adapted.  

P r i o r  t o  e s t a b l i s h i n g  t h e  d e t a i l s  o f  t h e  weld j o i n t ,  c o n t r o l  s t r e n g t h  
da t a  was ob ta ined .  The m a t e r i a l  f o r  t e s t i n g  was ob ta ined  from Airmat woven 
d u r i n g  a prev ious  program. Ten specimens,  f i v e  i n  t h e  warp d i r e c t i o n  and 
f i v e  i n  t h e  f i l l  d i r e c t i o n ,  were t e s t e d  i n  t h e  GAC I n s t r o n  t e s t  f a c i l i t y .  
One-inch wide r a v e l l e d  s t r i p  t e n s i l e  specimens were prepared .  The warp 
specimens were t e s t e d  us ing  a s i x - i n c h  gage l e n g t h  and a s t r a i n  r a t e  of t e n  
pe rcen t  p e r  minute .  The f i l l  specimens were tes ted u s i n g  a fou r - inch  gage 
l eng th  and a s t r a i n  r a t e  of f i f t e e n  pe rcen t  p e r  minute .  -The 
t e s t  r e s u l t s  were ob ta ined .  

Warp Specimens : Ult imate  t e n s i l e  s t r e n g t h  = 
- Elonga t ion  a t  f a i l u r e  - 

Tangent Modulus - - 

F i l l  Specimens: Ul t imate  t e n s i l e  s t r e n g t h  = 
- Elongat ion  a t  f a i l u r e  - 

Tangent modulus - - 

- -  
fo l lowing  average 

260 l b s / i n c h  
9.2% 
5700 l b s / i n c h  

731 l b s / i n c h  
2.4% 
35,900 l b s / i n c h  

The s t r e n g t h  requi rements  of  the welded j o i n t s  were c a l c u l a t e d  and 
e s t a b l i s h e d  from t h e  s t r u c t u r a l  a n a l y s i s  d a t a  of Reference 8. The w e l d  
s t r e n g t h  requi rements  were 47  pounds p e r  i n c h  i n  t h e  warp d i r e c t i o n  and 
127 pounds p e r  inch  i n  t h e  f i l l  d i r e c t i o n .  The f i l l  d i r e c t i o n  a p p l i e s  t o  
t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  of the J - 2 s  nozz le  ex tens ion .  A load f a c t o r  
of s a f e t y  requirement  of 1.5 was appl ied  t o  t h e  s t r e n g t h  requirement  r e s u l t -  
i n g  i n  t h e  fo l lowing  s t r e n g t h  requi rements .  

Warp D i r e c t  ion 6 1  pounds p e r  i n c h  

F i l l  D i r e c t i o n  1 9 1  pounds p e r  inch  

S e v e r a l  c r i t e r i a  were i n v e s t i g a t e d  t o  e s t a b l i s h  ' t h e  weld d e t a i l s .  They 
inc luded  weld ing  f o r c e ,  welding energy,  number of w e l d  rows, and number of  
s p o t s  p e r  inch  p e r  row. It was f i r s t  e s t a b l i s h e d  t h a t  two rows of  w e l d s  
provided t h e  most e f f i c i e n t  j o i n t .  A f t e r  a se r ies  of t es t s  i n v o l v i n g  t h e  
o t h e r  t h r e e  v a r i a b l e s ,  i t  was concluded t h a t  a w e l d  f o r c e  of n ine  pounds and 
a w e l d  energy of 15 wat t -seconds r e s u l t e d  i n  t h e  b e s t  s t r e n g t h .  F o r t y  s p o t s  
pe r  i nch  p e r  row was determined t o  be t h e  most e f f i c i e n t  w e l d  spac ing .  

The w e l d  specimens were a l l  t e s t e d  u s i n g  a D e t r o i t  Bench T e s t e r .  The 
fo l lowing  room tempera ture  w e l d  j o i n t  s t r e n g t h s  were ob ta ined .  

Warp D i r e c t i o n  148 pounds p e r  i nch  

F i l l  D i r e c t i o n  312 pounds p e r  inch  

These weld s t r e n g t h s  were co r rec t ed  f o r  t h e  e l e v a t e d  tempera ture  s t r e n g t h  
r a t i o  wi th  t h e  fo l lowing  e l e v a t e d  temperature  j o i n t  s t r e n g t h  r e s u l t i n g .  

Warp D i r e c t i o n  97 pounds p e r  i nch  

F i l l  D i r e c t i o n  205 pounds p e r  inch  

These va lues  a r e  h i g h e r  t h a n  the r equ i r ed  va lues  which have a 1 .5  load 
s a f e t y  f a c t o r  i nc luded .  
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This  i n v e s t i g a t i o n  concluded t h a t  s a t i s f a c t o r y  w e l d  s t r e n g t h s  were a c h i e v a b l e ,  
It  a l s o  e s t a b l i s h e d  the j o i n t  d e t a i l s  adopted on the  des ign  drawings.  

During f a b r i c a t i o n  of  t h e  f u l l - s i z e d  n o z z l e s ,  t h e  a c t u a l  w e l d  s t r e n g t h s  
obta ined  were checked du r ing  t h e  welding process  and t h e  w e l d  s chedu le  was 
a d j u s t e d  acco rd ing ly .  

B. SUBSCALE NOZZLE DESIGN 

1. General  

During t h e  e f f o r t  on t h e  J - 2 X  engine e x t e n s i o n  des ign ,  thermal  t e s t s  of 
t h e  woven s t a i n l e s s  s t e e l  Airmat specimen were conducted. These t e s t s  were 
des igned  t o  prove f e a s i b i l i t y  of t h e  t r a n s p i r a t i o n  c o o l i n g  concept  ( see  
Reference 1 f o r  d e t a i l s  of t h i s  e f f o r t ) .  It was concluded from t h e s e  t e s t  
r e s u l t s  t h a t  t h e  concept  was f e a s i b l e  bu t  a d d i t i o n a l  t e s t i n g  should  be con- 
ducted on a rocke t  f a c i l i t y  tha t  more c l o s e l y  d u p l i c a t e d  t h e  J-2s engine  
o p e r a t i n g  cond i t ions .  It was f u r t h e r  recommended t h a t  a s m a l l e r  s c a l e  nozz le  
e x t e n s i o n  t h a n  t h a t  proposed f o r  t h e  J-2s engine  be f a b r i c a t e d  and t e s t e d .  
T h i s  a c t i o n  would a l low s u b s t a n t i a t i o n  of a l l  des ign  o b j e c t i v e s  be fo re  f a b r i -  
c a t i o n  of a f u l l - s c a l e  e x t e n s i o n  f o r  t h e  J-2s eng ine .  Based upon t h e s e  
recommendations, NASA made a v a i l a b l e  a t e s t  f a c i l i t y  a t  t h e  George C. Marsha l l  
Space F l i g h t  C e n t e r  employing a hydrogen-oxygen rocke t  engine.  

2.  Design Data 

The ope ra t ing  parameters  of t h e  t e s t  engine  , des igna ted  a s  t h e  4 - K  engine  , 
were fu rn i shed  by NASA and a r e  t a b u l a t e d  i n  Table  I V .  

Table  I V .  4 - K  Engine Design C r i t e r i a  . 

I I t e m  

Nozzle Throa t  Diameter 

Nozzle Exit  Diameter 

P r o p e l l a n t  

Combustion Chamber P r e s s u r e  

Combustion Chamber Temperature 

Mixture R a t i o  (O/F) 

R a t i o  of S p e c i f i c  Heats  

Weight Flow Rate 

Pa r  ame t e r 

1.75 inches  

5 .15 inches  

Oxyge n-Hydro ge n 

600 t o  1000 PSIA 

6200"R 

5 

1.25 

10.7 l b s / s e c  a t  
1000 PSIA 

I n  a d d i t i o n  t o  t h e  o p e r a t i n g  d a t a ,  NASA s u p p l i e d  a complete  se t  of 4 - K  
engine  d e s i g n  drawings.  
was des igned .  

Using t h e s e  d a t a ,  a s c a l e  model nozz le  e x t e n s i o n  
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3 .  Nozzle Extens ion  Geometry 

The s c a l e  model e x t e n s i o n  was a r i g h t  c i r c u l a r  t r u n c a t e d  cone having  a 
h a l f  a n g l e  of t h i r t e e n  degrees  f i f t y - f o u r  minutes .  It was decided t h a t  t h e  
s c a l e  e x t e n s i o n  would cover the  range of expansion r a t i o s  f o r  bo th  t h e  J - 2 X  
and J-2s eng ines .  This  then d i c t a t e d  t h a t  t h e  s c a l e  e x t e n s i o n  sould a t t a c h  t o  
the  4 -K eng ine  nozz le  a t  an expansion r a t i o  of 27.5 t o  1 ( J - 2 X  des ign )  and 
ex tend  t o  an e x i t  expansion r a t i o  of 80 t o  1 (J-2s d e s i g n ) .  

From t h e  geometry of t h e  4-K engine,  t h e  e x i t  of t h e  t h r u s t  chamber was 
a t  a n  expans ion  r a t i o  of 8.72 t o  1 ( e x i t  d iameter  - 5.15 i n c h e s ) .  It was, 
t h e r e f o r e ,  necessa ry  t o  f a b r i c a t e  an a d a p t e r  s e c t i o n  which extended t h e  t h r u s t  
chamber e x i t  from 8.72 t o  1 t o  27.5 t o  1. Th i s  a d a p t e r  was f a b r i c a t e d  by NASA. 
See F igu re  5. 

I 

4K ENGINE 

I , / -  

I 

--I 0 9 

(0 
rl 

-4 

F i g u r e  5. Schematic Drawing of 4-K Engine Test  Arrangement 

The s c a l e  model e x t e n s i o n  c o n s i s t e d  of t h r e e  main s e c t i o n s :  

(1) t h e  a t tachment  r i n g s  

(2) t h e  Airmat e x t e n s i o n  

(3) i n s t r u m e n t a t i o n .  
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F i g u r e  6 i s  a drawing of t h e  e x t e n s i o n .  
t h e  p e r t i n e n t  d e t a i l s  o f  t h e  des ign .  

The f o l l o w i n g  paragraphs d e c r i b e  

__ - 12.013 -- J 
I AIRMAT - ONE INCH T H I C K  P - OUTER ATTACHMENT RING 

INNER ATTACHMENT R I N G  - 
I 

7 
I 

. r (  

N 

v) 
,-I 

F i g u r e  6. T e s t  Nozzle Ex tens ion  Conf igu ra t ion  

a .  Attachment Rings.  To provide  an a t tachment  method f o r  t h e  t e s t  
e x t e n s i o n  t o  the  4-K eng ine ,  two s t a i n l e s s  s t e e l  r i n g s ,  a n  o u t e r  and a n  i n n e r  
r i n g ,  were des igned .  The o u t e r  a t tachment  r i n g  was a double f l anged ,  c o n i c a l  
s p i n n i n g  u s i n g  type 304 s t a i n l e s s  s t e e l .  
a t t a c h  t o  t h e  backwall  o f  t h e  d i f f u s e r  provided i n  t h e  4-K engine  t e s t  
f a c i l i t y .  A bo l t ed  a t tachment  was used wi th  a g a s k e t  between t h e  r i n g  f l a n g e  
and t h e  d i f f u s e r  w a l l .  The i n n e r  a t tachment  r i n g  was a formed a n g l e  r i n g .  
A s  i n  t h e  o u t e r  r i n g ,  type  304 s t a i n l e s s  s t e e l  was used.  This  ang le  r i n g  
a t t a c h e d  t o  t h e  nozz le  a d a p t e r  by means of a b o l t e d  connec t ion .  A gaske t  
was provided between t h e  r i n g  and the  nozz le  a d a p t e r .  The o u t e r  and i n n e r  
f a c e s  of t h e  Airmat cone were welded t o  t h e  a t tachment  r i n g s  a s  shown i n  
F igu re  6 .  
of t h e  d i f f u s e r .  

The o u t e r  f l a n g e  was designed t o  

Coolant  and p r e s s u r i z a t i o n  p o r t s  were provided i n  t h e  backwall  

b. Airmat Extens ion .  The Airmat e x t e n s i o n  was a r i g h t  c i r c u l a r  t r u n c a t e d  
cone having a h a l f  angle  of 13 degrees  54 minutes .  The minor d iameter  was 
9.185 i n c h e s ,  the major d i ame te r  was 15.482 inches  and t h e  l e n g t h  was 12.013 
inches .  The ex tens ion  used one- inch  t h i c k  Airmat and t h e  e n t r a n c e  ends of 
t h e  o u t e r  and inne r  f a c e s  were w e l d e d  t o  t h e  a t tachment  r i n g s .  The Airmat was 



woven u s i n g  a 3 by 3 baske t  weave. 
12/90/2Z type 304 s t a i n l e s s  s t e e l  m u l t i f i l a m e n t  ya rns  i n  t h e  warp d i r e c t i o n ,  
80 y a r n s  p e r  i nch  of 12/300/2Z type 304 s t a i n l e s s  s t e e l  m u l t i f i l a m e n t  y a r n  
i n  t h e  f i l l  d i r e c t i o n ,  and 42 yarns p e r  squa re  inch of 12/300/2Z type 304 
s t a i n l e s s  s t e e l  m u l t i f i l a m e n t  yarn  f o r  t h e  drop  ya rns .  
s t r u c t i o n  was chosen t o  y i e l d  a p o r o s i t y  o f  one pe rcen t  o r  l e s s .  
f a c e  of t h e  Airmat was brush  coated wi th  Dow Corning S-2288 s i l i c o n e .  
s t a t e d  above, t h e  e x t e n s i o n  a t t ached  t o  t h e  4-K engine  at: an expansion r a t i o  
of 27.5 t o  1 and extended t o  an e x i t  expans ion  r a t i o  of 80 t o  1. 

It was woven wi th  112 yarns  p e r  inch of 

Th i s  Airmat con- 
The o u t e r  

A s  

c .  Model Ex tens ion  Ins t rumen ta t ion .  The i n s t r u m e n t a t i o n  provided on t h e  
model e x t e n s i o n  was designed t o  o b t a i n  Airmat i n n e r  and o u t e r  f a c e  tempera- 
t u r e s  and Airmat w a l l  p r e s s u r e .  To accomplish t h i s ,  two rows of  chrome1 
a lumel  thermocouples,  t h r e e  thermocouples p e r  row were a t t a c h e d  t o  t h e  
e x t e n s i o n .  The two rows were located 90 degrees  a p a r t .  These thermocouples 
were a t t a c h e d  t o  t h e  e x t e n s i o n  inne r  f a c e .  I n  a d d i t i o n ,  two thermocouples 
were a t t a c h e d  t o  the  e x t e n s i o n  o u t e r  f a c e  and l o c a t e d  90 degrees  a p a r t  and 
p o s i t i o n e d  n e a r  t h e  e n t r a n c e  end of t h e  A i r m a t  e x t e n s i o n .  

To measure Airmat e x t e n s i o n  w a l l  p r e s s u r e  , two rows of p r e s s u r e  t a p s ,  
two t a p s  per row and 90 degrees  a p a r t ,  were provided. These t a p s  were 
i n s t a l l e d  i n  t h e  o u t e r  f a c e  of t h e  e x t e n s i o n .  

4. Subsca le  Nozzle Extens ion  F a b r i c a t i o n  

The o u t e r  a t tachment  r i n g  was f a b r i c a t e d  from 0.032-inch t h i c k ,  t ype  
304 s t a i n l e s s  s t ee l  s h e e t  s t o c k .  It w a s  spun i n t o  a c o n i c a l  shaped r i n g  
hav ing  a v e r t i c a l  f l a n g e  and a lower f l a n g e  spun a t  a n  ang le  of 13 degrees  
54 minutes  from t h e  h o r i z o n t a l .  The v e r t i c a l  f l a n g e  was d r i l l e d  t o  match 
d r i l l e d  h o l e s  i n  t h e  back f a c e  of  the d i f f u s e r  wal l .  The lower f l a n g e  was 
used t o  provide  a welded attachment f o r  t h e  o u t e r  f a c e  of t h e  Airmat. 

The i n n e r  a t t achmen t  r i n g  was a machine a n g l e  f a b r i c a t e d  from type  304 
s t a i n l e s s  s teel .  The r i n g  th i ckness  was 0.250 i n c h  w i t h  one l e g  v e r t i c a l ,  
and t h e  o t h e r  13 degrees  54 minutes from t h e  h o r i z o n t a l  o r  t h e  ang le  between 
l e g s  was 76 degrees  6 minutes.  A notch was machined i n  t h e  lower l e g  which 
provided a smooth t r a n s i t i o n  a t  the  r i n g  t o  A i r m a t  f a c e  i n t e r f a c e  when t h e  
i n n e r  f a c e  of t h e  A i r m a t  was welded t o  t h e  r i n g .  

The Airmat cone was f a b r i c a t e d  from woven t y p e  304 s t a i n l e s s  s t ee l ,  
m u l t i f i l a m e n t  y a m .  The A i r m a t  was one-inch t h i c k  and woven i n  a f l a t  con- 
f i g u r a t i o n .  The nozz le  Airmat was c u t  i n t o  f o u r  g o r e s ,  each r e p r e s e n t i n g  
one f o u r t h  of t h e  nozz le  e x t e n s i o n ,  Each gore was s l i t  a t  two p l a c e s  on t h e  
o u t e r  f a c e  and opened up a d i s t a n c e  t o  c o r r e c t  f o r  t h e  d i f f e r e n c e  i n  t h e  i n n e r  
and o u t e r  f a c e  c i rcumferences .  The j o i n t s ,  4 p l a c e s  on t h e  i n n e r  f a c e  and 
1 2  p l a c e s  on t h e  o u t e r  f a c e ,  were closed u s i n g  s t a i n l e s s  s t e e l  t ape  c u t  from 
t h e  Airmat.  The t a p e s  were a t t ached  t o  t h e  A i r m a t  by s p o t  r e s i s t a n c e  welding. 
The e x i t  end of t h e  e x t e n s i o n  was closed i n  a s i m i l a r  manner. 

F i n a l  assembly of t h e  ex tens ion  c o n s i s t e d  of s p o t  r e s i s t a n c e  welding t h e  
i n n e r  and o u t e r  A i r m a t  f a c e s  t o  the a t tachment  r i n g s ,  i n s t a l l i n g  t h e  p r e s s u r e  
t a p s  and thermocouples and c o a t i n g  t h e  o u t e r  s u r f a c e  w i t h  t h e  S-2288 s i l i c o n e  
t o  s e a l  t h e  o u t e r f a c e  of t h e  Airmat a g a i n s t  c o o l a n t  gas  flow. 
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C. 5 -2  NOZZLE EXTENSION DESIGN 

1. I n t r o d u c t i o n  

Due t o  a r e d i r e c t i o n  i n  t h e  5-2s engine  development program, NASA modif ied 
t h e  c o n t r a c t  scope of work changing t h e  a p p l i c a t i o n  of t h e  nozz le  e x t e n s i o n  
from t h e  5-2s engine t o  the  5-2 engine .  This  change occurred  midway through 
t h e  program. 

The d e s i g n  c r i t e r i a  f o r  t h e  5 - 2  engine  a s  supp l i ed  by NASA i s  presented  
i n  Subsec t ion  2 t h a t  fo l lows .  

The major des ign  e f f o r t  r e q u i r e d  t o  change from t h e  5-2s engine  t o  t h e  
5-2 eng ine  involved e s t ab l i shmen t  of t h e  nozz le  e x t e n s i o n  geometry which was 
d i c t a t e d  by t h e  d i f f e r e n c e s  i n  t h e  coo lan t  supply  a v a i l a b i l i t y  from t h e  pro- 
p e l l a n t  pump d r i v e  t u r b i n e .  The 5-2s engine  had a coo lan t  supply  f low r a t e  of 
9 pounds p e r  second and t h e  5 -2  eng ine  has  a coo lan t  supply  f low r a t e  of 
5 . 2 2  pounds p e r  second. The d e s i g n  of t h e  5-2 nozzle  e x t e n s i o n  i s  t h e  most 
c r i t i c a l  because o f  t h e  lower coo lan t  f low r a t e  a v a i l a b l e .  

2 .  5 - 2  Nozzle Extension Design Data I 
The b a s i s  f o r  t h e  5-2  nozzle  e x t e n s i o n  d e s i g n  was da t a  supp l i ed  by NASA 

and shown i n  Table V.  
h e a t  t r a n s f e r  c o e f f i c i e n t  ve r sus  a x i a l  d i s t a n c e  from t h e  5-2 e x i t  p lane  and 
eng ine  exhaus t  p re s su re  ve r sus  d i s t a n c e  from t h e  5 - 2  e x i t  p lane .  These p l o t s  
a r e  shown i n  F igures  7 and 8. 

Inc luded  wi th  t h i s  d a t a  are p l o t s  of nozz le  exhaus t  gas  

~ ~-~ 
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AXIAL DISTANCE FROM 5-2 EXIT PLANE (INCHES) 

Figure  7. 5-2  Nozzle Exhaust  Gas Heat  T r a n s f e r  C o e f f i c i e n t s  
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Table V .  5-2  Nozzle Design C r i t e r i a  

Item 

1. 
2. Coolant Gas - Turbine Exhaust Gas 

Cooling Method - Transpiration Cooling 

Composition 
Molecular Weight ' 

Specific Heat @ Constant Pressure 
Specific Heat Ratio 
Flowrate 
Supply Pressure ( t o  Manifold) 
I n l e t  Temperature 

3. Thrust Chamber Combustion Gas 
Composition * 
Molecular Weight * 
Specific Heat @ Constant Pressure+ 
Spec i f ic  Heat Ratio * 
Flowrate 
Adiabatic Wall Temperature 

4. Nozzle Extension Exhaust Heat 

Parameter 

4% (We) H20 - 507. (Wt) H2 

3.57 lbm/lb-mole 
2.035 BTU/lbm-aF 

1.377 
5.22 lbm/sec 
20.9 psia 
524 "F 

. 

Transfer Coefficients (Zero Coolant Flow) 

4% (Wt) H2 - 96% (Wt) H20 
i3.507 lbmf lb-mole 
0.92 BTU/ lbm- OF 

1.26 
534 lbmfsec 
5700°F 

Figure 1 

5. Thrust Chamber Combustion Gas 
Pressure Distribution on Nozzle 
Extension Inner Wall 

Figure 2 

* 
Evaluated a t  the thrus t  chamber combustion gas s t a t i c  temperatures and 
pressures within the nozzle. 

Effective value t o  be used i n  hea t  t ransfer -ana lyses .  
+ 

3.0 

2 .0  

1.0 

0 

10 20 30 40 50 60 70 0 

AXIAL DISTANCE FROM 5-2 EXIT PLANE (INCHES) 

F i g u r e  8. 5-2 Nozzle Exhaust Gas S t a t i c  P r e s s u r e  D i s t r i b u t i o n  
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3. 5 - 2  Nozzle Extens ion  Design Analys is  

a .  Geometry. The b a s i c  des ign  c r i t e r i a  used i n  e s t a b l i s h i n g  t h e  5 - 2  
nozz le  e x t e n s i o n  geometry was a s  fo l lows :  

(1) Forward end expansion r a t i c  = 27.5 t o  1 

( 2 )  Aft  end expansion r a t i o  = 55 t o  1 

(3) Throa t  diameter  = 14.7 inches  

(4) Slope angle  = 14" 

The above d a t a ,  by c a l c u l a t i o n ,  r e s u l t s  i n  a d iameter  of 77.09 inches  a t  
27 .5  t o  1 expansion r a t i o  and a d iameter  of 109.02 inches  a t  t he  55 t o  1 
expansion r a t i o .  

The North American Rockwell Corpora t ion ,  Rocketdyne D i v i s i o n  drawings 
gave t h e  diameter  of t h e  i n n e r  a f t  edge of t h e  J - 2 X  engine  nozz le  e x i t  f l a n g e  
t o  be 7 8 . 1 2  inches .  When compared t o  t h e  5-2 engine  nozz le  t h r o a t  d iameter  
of 14.7 i n c h e s ,  t h e  a c t u a l  27.5 t o  1 expansion r a t i o  p o i n t  f a l l s  forward of 
t h e  a f t  edge of t h e  J - 2 X  nozz le .  

Discuss ions  wi th  NASA e s t a b l i s h e d  t h a t  f o r  des ign  purposes , the  55 t o  1 
expans ion  r a t i o  diameter  would be honored a s  w e l l  a s  t h e  14" s l o p e  ang le .  
Thus t h e  27.5 t o  1 expansion r a t i o  becomes t h e o r e t i c a l  on ly .  

T o  e s t a b l i s h  the  b a s i c  des ign  geometry a t  t he  forward end of t h e  nozz le  
e x t e n s i o n ,  GAC chose t o  l o c a t e  a r e f e r e n c e  p o i n t  on t h e  forward edge of t h e  
a t tachment  angle  from which a l l  nozz le  geometry could be c o r r e l a t e d .  Th i s  
r e f e r e n c e  po in t  would a l s o  be  i n  l i n e  wi th  t h e  i n n e r  Airmat s u r f a c e .  The 
p o i n t  was loca ted  0.313 inch a f t  o f  t h e  e x i s t i n g  nozz le  e x i t  f l a n g e  a l lowing  
0 .063  inch  f o r  a shim and 0.250 inch  f o r  t h e  t h i c k n e s s  of the  manifold a t t a c h -  
i n g  r i n g .  The d iameter  a t  t h i s  po in t  was c a l c u l a t e d  t o  be 78.55 inches .  

The nozz le  l eng th  was then  e s t a b l i s h e d  u s i n g  t h e  78.55-inch forward 
d i ame te r ,  t h e  109.02-inch a f t  d i ame te r ,  and the  14" s l o p e  ang le .  

The r e s u l t  of t h e  geometry c a l c u l a t i o n s  i s  t h a t  a c t u a l l y  the  forward 
edge of t h e  nozzle  ex tens ion  has  an expans ion  r a t i o  of 28.46 t o  1 a l though  
i t  i s  considered f o r  p r a c t i c a l  purposes t o  be  a t  27.5 t o  1. 

A c t u a l l y ,  f o u r  nozz le  e x t e n s i o n s  of d i f f e r e n t  l eng ths  and e x i t  expans ion  
r a t i o s  were involved i n  t h e  des ign .  They a r e  desc r ibed  a s  fo l lows :  

Nozzle Extens ion  ( E =  55 t o  1). T h i s  nozz le  e x t e n s i o n  r e p r e s e n t s  t he  
o r i g i n a l  a r b i t r a r y  d e c i s i o n  t o  double t h e  J - 2 X  nozz le  e x i t  expans ion  r a t i o  - 
and was used t o  e s t a b l i s h  t h e  e x t e n s i o n  geometry. 

Nozzle Extens ion  ( 6 =  50.71 t o  1). The GAC expe r imen ta l  loom was chosen 
f o r  t h e  Airmat weaving on t h i s  program due t o  c o s t  c o n s i d e r a t i o n s .  Th i s  - 

loom had a c a p a b i l i t y  of weaving Airmat up t o  54 inches  w i d e .  This  width 
c a p a b i l i t y  l i m i t s  t h e  s l o p e  l eng th  of t h e  nozz le  e x t e n s i o n  t h a t  can  be 
f a b r i c a t e d  from t h e  Airmat.  S ince  an  e x t e n s i o n  having  a n  expans ion  r a t i o  
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of 50.71 t o  1 has  a s lope  length  of 54 inches ,  t h i s  was t h e  l a r g e s t  nozz le  
t h a t  could  be f a b r i c a t e d  u t i l i z i n g  t h i s  loom. GAG h a s  o t h e r  looms wi th  t h e  
l a r g e s t  having  a c a p a b i l i t y  of weaving Airmat up t o  20 f e e t  i n  width.  For  
purposes o t h e r  than  development, t h i s  loom could be u t i l i z e d .  

Nozzle Extens ion  ( E  = 48 t o  1) .  The des ign  c r i t e r i a  f o r  t h e  5 -2  nozz le  
ex tens ion  l i m i t s  t h e  c o o l a n t  gas supply  t o  5.22 pounds p e r  second. I n  
o rde r  t o  main ta in  t h e  r equ i r ed  Airmat des ign  p r e s s u r e s  with the  p re sen t  
Airmat p o r o s i t y  t h e  porous inner  s u r f a c e  a r e a  i s  l i m i t e d  t o  94.8 square 
f e e t .  This i s  t h e  s u r f a c e  a rea  of a 27.5 t o  48  expans ion  r a t i o  nozz le .  

I n  f u t u r e  des igns  t h e  nozz le  length could be inc reased  by i n c r e a s i n g  the  
gas  supp ly  flow r a t e  c r i t e r i a  o r  by o b t a i n i n g  a t i g h t e r  weave of t h e  Airmat. 

Nozzle Extens ion  ( € =  41.33 t o  1). The program p lan  was t o  f a b r i c a t e  both 
a f u l l - l e n g t h  and a one-half  length nozz le  ex tens ion .  Th i s  nozz le  i s  
approximately one h a l f  the  l e n g t h  of t h e  f u l l  l eng th  27 .5  t o  55 expansion 
r a t i o  nozz le .  

T h i s  nozz le  ex tens ion  has  t h e  same coo lan t  gas  supply  a s  t he  longer  nozz le .  
The i n t e n t  of t h e  programwas t o  f a b r i c a t e  one nozz le  t o  a more conserva-  
t i v e  des ign  t o  be used i n  case  t h e  performance of t he  longer  nozz le  was 
u n s a t i s f a c t o r y .  

A l l  f o u r  nozz le  ex tens ions  were inc luded  i n  the d e s i g n  s t u d i e s  a l though 
only  two nozz le s  were planned t o  be f a b r i c a t e d .  The two nozz le  ex tens ions  
s e l e c t e d  f o r  f a b r i c a t i o n  were t h e  E = 48 t o  1 and t h e  E = 41.33 t o  1 
d e s i g n s .  The E = 41.33 t o  1 nozzle ex tens ion  i s  subsequent ly  r e f e r r e d  t o  
a s  t h e  Number 1 o r  t h e  s h o r t  nozz le .  The E = 48 t o  1 nozz le  ex tens ion  i s  
subsequen t ly  r e f e r r e d  t o  a s  the Number 2 o r  long nozz le .  

The l o c a t i o n  of t h e  nozz le  ex tens ion  r e fe rence  j o i n t  i s  shown i n  
F i g u r e  3.  The d i f f e r e n t  l eng th  nozz les  considered i n  t h e  des ign  a r e  shown 
i n  F i g u r e s  9,  10, 11, and 1 2 .  Table V I  i s  a compi l a t ion  of nozz le  ex tens ion  
geometry f o r  d i f f e r e n t  l eng ths  and F igure  13 i s  a p l o t  of nozzle  ex tens ion  
l e n g t h  and s u r f a c e  a r e a s  versus  expansion r a t i o .  

b.  S t r u c t u r a l  Analys is .  The pressure  requirements  i n s i d e  t h e  Airmat nozz le  
e x t e n s i o n  a r e  a func t ion  of t he  a x i a l  o r  t h r u s t  loads  app l i ed  t o  the  nozz le  
e x t e n s i o n  by t h e  engine exhaust  gases.  The p r e s s u r e  requirements  a r e  based on 
t h e  c r i t e r i a  t h a t  t h e  compression s t r e s s e s  caused by t h e  t h r u s t  loads  cannot  
exceed t h e  t e n s i o n  s t r e s s e s  caused by t h e  nozz le  e x t e n s i o n  i n f l a t i o n  p res su re .  
O the rwise , the  nozzle  e x t e n s i o n  would buckle  due t o  compression i n s t a b i l i t y .  

The change i n  a p p l i c a t i o n  o f  the nozz le  ex tens ion  from t h e  J-2s engine 
t o  t h e  5 -2  engine e s t a b l i s h e d  t h i s  c r i t e r i a  a s  a c r i t i c a l  des ign  c o n s i d e r a t i o n .  
Th i s  was caused by t h e  lower p r e s s u r i z i n g  gas supply and t h e  r e s u l t i n g  lower 
Airmat p r e s s u r e .  The 5 - 2  nozz le  ex tens ion  s t r u c t u r a l  a n a l y s i s  i s  presented  
a s  fo l lows .  

The t h r u s t  loading  was c a l c u l a t e d  i n  t h r e e  p a r t s ;  f i r s t  t h e  engine exhaus t  
p r e s s u r e  over  t h e  nozz le  e x t e n s i o n  l e n g t h ,  second t h e  engine exhaus t  p re s su re  
on t h e  a f t  t o r o i d a l  end of t h e  nozzle e x t e n s i o n ,  and t h i r d  a s k i n  f r i c t i o n  
e f f e c t .  
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I_ 109.02" 

F i g u r e  9 .  5-2 Nozzle Extens ion  Geometry - 55 t o  1 Expansion R a t i o  

F igu re  10. 5-2 Nozzle Extens ion  Geometry - 50.71 t o  1 Expansion R a t i o  
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F i g u r e  11. 3-2  Nozzle Extension Geometry - 48 t o  1 Expansion R a t i o  
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F i g u r e  1 2 .  3 - 2  Nozzle Extension Geometry - 4 1 . 3 3  t o  1 Expansion 
R a t i o  
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F i g u r e  13. 5-2 Nozz l e  Extens ion  Length and Sur face  Area 

Table V I .  5 - 2  N o z z l e  Extens ion  Geometry a t  Various 
Expansion R a t i o s  

Expans i o n  
R a t i o  

27.5 

28.. 46 

30 

35 

40 

41.33 

45 

48 

50 

S O .  7 1  

55  

Diame t e r  

Inches  

77.09 

78.55 

80.52 

86.97 

92.97 

94.50 

98.59 

101.84 

103.95 

104.68 

109.02 

C i r  cum- 
f e r e n c e  

Inches  

242.19 

246.77 

252.96 

273.22 

292.07 

296.88 

309.73 

319.94 

326-57 

328.24 

342.48 

Length 

Inches  
- -  
0 

3 .91  

16.88 

28.92 

31.99 

40.19 

46.70 

51.34 

52.40 

61.10 

S l o p e  
Length 

Inches  
- -  
0 

4.07 

17.40 

29.80 

32.97 

41.42 

48.13 

52 .48  

54.00 

62.98 

Surface  
Area 

Square F e e t  
- -  
0 

7 . 0  

31.4 

55.7 

6 2 . 2  

80.0 

94.8 

104.3 

107.6 

128.8 
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The 5 -2  nozz le  e x t e n s i o n  p res su re  d i s t r i b u t i o n  versus  l e n g t h  i s  p l o t t e d  
i n  F igu re  14. Th i s  d a t a  was d e r i v e d  from F igure  8. The loads  on t h e  a f t  
end o f  t h e  nozz le  e x t e n s i o n  were c a l c u l a t e d  u s i n g  the p res su re  and a r e a  c r i t e r i a  
shown i n  F igu re  14.  
a r b i t r a r y  va lue  of 0.02 pounds pe r  square  inch  of s u r f a c e  a r e a .  

The nega t ive  s k i n  f r i c t i o n  e f f e c t  was c a l c u l a t e d  u s i n g  an 

3 

2 

1 
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I- 
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Figure  14. 5-2  Nozzle Extension P r e s s u r e  D i s t r i b u t i o n  

(1) Axia l  Load on Conica l  Po r t ion .  The geometry and load ing  f o r  t h e  
The i n t e r n a l  p r e s s u r e  a s  a 5 - 2  nozz le  e x t e n s i o n  i s  shown in Figure 14. 

f u n c t i o n  of Z i s  g iven  i n  Table  VII. The a x i a l  t h r u s t  i s  given by 

Z 
F = 2 ?r t a n 2 a )  q z d z  

C 

z1 

and is  eva lua ted  f o r  increments  of Z i n  Table  V I I I .  Summation of t h e  
inc remen ta l  f o r c e s  g i v e s  t h e  t o t a l  t h r u s t  a s  a f u n c t i o n  of  2 with  Z1 
f i x e d  a t  157.54 inches .  
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Table  V I I .  5 - 2  Nozzle Extens ion  I n t e r n a l  
P r e s s u r e  and Thrus t  

~~ ~ 

E . R .  

41.33 

45.0 

50.3 

55 .O 

Z 

I n .  

Z = 29.47 d K  
I n .  

189.54 3650 

197.94 4420 

209.94 5525 

219.30 6300 

157.54 

162.78 

168.02 

173.26 

178.50 

183.74 

188.97 

194.21 

199.45 

204.69 

209.63 

215.71 

220.41 

q 

PSI 

2 .19  

1.98 

1.82 

1.67 

1.54 

1.45 

1.35 

1.26 

1.18 

1.10 

1 .03  

0 . 9 6  

0.90 

~~ ~ 

A F  

Lb . 

0 

683 

64 3 

60 9 

577 

554 

5 34 

511 

49 1 

471 

452 

433 

4 14 

F 

Lb . 
~~ 

0 

683 

1326 

1935 

25 12  

3066 

3600 

4111 

4602 

5073 

5525 

5958 

6372 

Table  V I I I .  5 - 2  Nozzle Extens ion  Ax ia l  T h r u s t  
v s  Expansion R a t i o  



(2) Axia l  Load on Toro ida l  Po r t ion .  The load d i s t r i b u t i o n  a c t i n g  on t h e  
t o r o i d a l  c l o s u r e  i s  shown i n  F igure  14. The a x i a l  load i s  g iven  by 

41.33 

45.0 

50.71 

55.0 

C 
Q 

PSI I n .  Lb . 
1.33 49.19 0.92644 819 

1.18 51.24 0.92856 758 

1.03 54.28 0.92906 702 

0.90 56.45 0.93043 640 

COS (Q - Qo ) J d 8 0 a cos - s i n  (Q-Q,) [ 1 - - 
R 

2 7 r  q g a R  

cos 3 
- - 

QB F~~~ 

Values a r e  given i n  Table  I X .  

Table  I X .  5-2 Ax ia l  Load on T o r o i d a l  P o r t i o n  

(3) F r i c t i o n  Load on Conical  Po r t ion .  Skin f r i c t i o n  d rag  i s  e s t ima ted  
t o  be 0.02 l b s / i n L .  The f r i c t i o n  load t end ing  t o  dec rease  t h e  t h r u s t  i s  

FF - - 0.02 Atone cos 14" 

cone = 0.0194 A 

Table  X g i v e s  va lues  of s k i n  f r i c t i o n  f o r c e .  
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Table X .  5 - 2  Nozzle Ex tens ion  Skin F r i c t i o n  
v s  Expansion R a t i o  

41.33 

45 

50.71 

55 

8,560 17 1 

11,520 230 

15,490 3 10 

18,550 37 1 

(4) T o t a l  Axial  T h r u s t  and P r e s s u r e  Requirement. The t o t a l  a x i a l  t h r u s t  
i s  

- FF 
- 

' axial  - Fc + F~~~ 

The p res su re  requirement  i s  g i v e n  by  

p r (dl  + h cos a! ) h cos a! = (F.S.) Paxial 

where d l  = 78.55 inches  

h = 4" = Airmat t h i c k n e s s  

= 14" = a n g l e  of cone 

Thus 
(F.S.) Paxial 

e =  1005 

a r e  g iven  i n  t h e  Summary T a b l e  X I  and ' ax i a l  Values of p and 
p l o t t e d  i n  F i g u r e  15. 
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Table X I .  5-2 Nozzle Extens ion  Summary of Loads 
and Pressure  Requirements 

F.S.  = 1.5 

a 
c( 

X 
-? 

7000 

6000 15 

Y rn a 

25 30 35 40 45 50 55 

EXPANSION RATIU 

Figure  15. 5-2 Nozzle Extension Axia l  Load and P r e s s u r e  Requirement 
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c .  Nozzle Extens ion  Geometry S e l e c t i o n  

(1) I n t r o d u c t i o n .  The nozz le  e x t e n s i o n  Airmat i n t e r n a l  p r e s s u r e  must be 
s u f f i c i e n t  t o  suppor t  t h e  t h r u s t  loads  from t h e  eng ine  exhaus t .  The a c t u a l  
nozz le  ex tens ion  Airmat i n t e r n a l  p re s su re  t h a t  w i l l  be achieved i n  o p e r a t i o n  
i s  a f u n c t i o n  of t h e  p r o p e r t i e s  and t h e  supply  flow r a t e  of t h e  p r e s s u r i z i n g  
g a s ,  and the  p o r o s i t y  of t h e  i n n e r  f a c e  of t h e  Airmat m a t e r i a l .  Both the  i n -  
t e r n a l  p r e s s u r e  requirement  and t h e  a c t u a l  i n t e r n a l  p r e s s u r e  a r e  f u n c t i o n s  of 
t he  i n n e r  s u r f a c e  a r e a  o r  t h e  l eng th  of t h e  nozz le  ex tens ion .  

Thus t o  determine t h e  l o n g e s t  p r a c t i c a l  nozz le  e x t e n s i o n  l e n g t h  f o r  t h e  
5 - 2  engine  c r i t e r i a , a n  a n a l y s i s  of a l l  c o n t r i b u t i n g  f a c t o r s  was conducted.  
F i g u r e  16 was the b a s i c  t o o l  used i n  t h i s  a n a l y s i s .  

(2) I n t e r n a l  P r e s s u r e  Requirement.  The i n t e r n a l  p r e s s u r e  requirement  
a s  a f u n c t i o n  of nozz le  e x t e n s i o n  l eng th  was determined i n  S e c t i o n  1 1 1 - C - 3  - 

and p l o t t e d  i n  F igure  15. These p re s su re  requi rements  ve r sus  nozz le  e x t e n s i o n  
expans ion  r a t i o s  f o r  f o u r  d i f f e r e n t  load s a f e t y  f a c t o r s  were i n  t u r n  p l o t t e d  
on Figure  16. 

(3) P res su re  Determina t ion .  Airmat p re s su re  expected i n  t h e  nozz le  
e x t e n s i o n  f o r  the range  of expans ion  r a t i o s  cons idered  a r e  a l s o  p l o t t e d  on 
F i g u r e  16 .  P l o t s  a r e  shown f o r  seven  d i f f e r e n t  p o r o s i t y  va lues .  T h i s  d a t a  
was a b s t r a c t e d  from S e c t i o n  I V  of t h i s  r e p o r t .  

The expected p r e s s u r e  c a l c u l a t i o n s  a r e  based on the  5-2 engine  c o o l a n t  
gas  f low r a t e  of 5.22 pounds pe r  second and a c t u a l  nozz le  e x t e n s i o n  o p e r a t i n g  
c o n d i t i o n s .  

15 

10 

5 

0 

Poros i t  y 

0.005 

0 L 001 
0 . 0 0 8  
0.009 
9.010 
0.011 
0.0125 

25 30 35 4 0 45 50 55 
A/At- Expans ion  R a t i o  

Figure  16. 5 - 2  Nozzle Extens ion  - Expansion R a t i o  Determina t ion  
Curves 
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The p re l imina ry  Airmat p o r o s i t y  d e t e r m i n a t i o n  was 1.10 pe rcen t  a t  10 PSI 
i n t e r n a l  p r e s s u r e  which i s  obta ined  f r a n  F i g u r e  50.  

( 4 )  Requirements ,  E = 55 t o  1, Nozzle Extens ion .  F igu re  16 shows t h a t  
f o r  a 55 t o  1 expansion r a t i o  nozzle  e x t e n s i o n  u s i n g  a load s a f e t y  f a c t o r  of 
1.50 t h a t  a n  Airmat p o r o s i t y  of 0 .5  p e r c e n t  would be r e q u i r e d .  An Airmat 
i n t e r n a l  p r e s s u r e  of 10 PSI would r e s u l t .  Using a load s a f e t y  f a c t o r  of 1.25 
t h e  Airmat p o r o s i t y  requirement  would be 0.6 pe rcen t  w i th  a r e s u l t i n g  Airmat 
p r e s s u r e  of 8 . 3  PSI.  

S ince  t h e  development weaving t a s k  showed t h a t  t h e  lowest  Airmat p o r o s i t i e s  
ob ta ined  were i n  t h e  1.0 pe rcen t  range, i t  would n o t  be p r a c t i c a l  wi th  t h e  
p r e s e n t  s t a t e - o f - t h e - a r t  of c o n i c a l  Airmat weaving t o  o b t a i n  t h e  r equ i r ed  
p o r o s i t i e s  f o r  t h i s  f u l l  l eng th  nozz le  ex tens ion .  An i n c r e a s e  i n  t h e  coo lan t  
gas  f low r a t e  cou ld ,  however, a l low u s i n g - a  longer  nozz le .  

(5) Requirements,  E = 50.71 t o  1, Nozzle Extens ion .  This  nozz le  
e x t e n s i o n  r ep resen ted  t h e  l o n g e s t  nozzle  e x t e n s i o n  t h a t  can be c o n i c a l l y  woven 
on t h e  p r e s e n t  expe r imen ta l  loom. 

Using a 1.25 load s a f e t y  f a c t o r ,  t h e  Airmat p re s su re  requi rements  would 
be 7.5 PSI and t h e  p o r o s i t y  requirement  would be 0.8 pe rcen t .  Th i s  p o r o s i t y  
was a g a i n  cons idered  t o  be u n r e a l i s t i c  a t  t h i s  t i m e .  

(6) Requirements,  E = 4 8  t o  1, Nozzle Extens ion .  It was thus  r e q u i r e d  
t h a t  t h e  l o n g e s t  p r a c t i c a l  nozz le  ex tens ion  f o r  a 1'.25 load s a f e t y  f a c t o r ,  t h e  
a l lowab le  gas  f low r a t e ,  and t h e  present  c o n i c a l  weaving p o r o s i t y  c r i t e r i a ,  
be de te rmined .  From previous  a n a l y s i s  and from i n s p e c t i o n  of F i g u r e  16,  i t  
was determined t h a t  t h e  p r e s s u r e  requirement  l i m i t  would be approximate ly  
7.0 PSI.  The p o r o s i t y  va lues  p rev ious ly  cons idered  i n  t h e  10 PSI range were 
r e -eva lua ted  i n  t h e  7 PSI range.  This  decreased  t h e  p o r o s i t y  expec ted  t o  
0.95 pe rcen t  r a t h e r  t han  1.10 percent  a t  10 PSI.  Th i s  d a t a  i s  presented  i n  
F i g u r e  5 1  . From F i g u r e  16 i t  i s  determined t h a t  t h e  p re s su re  r equ i r ed  
cu rve  c r o s s e s  a n  e x t r a p o l a t e d  0.95 pe rcen t  p o r o s i t y  curve  a t  a n  expans ion  
r a t i o  of 48 t o  1. 

(7) Summary - Geometry S e l e c t i o n .  The maximum expans ion  r a t i o  recommended 
f o r  t h e  nozz le  e x t e n s i o n  was 48 t o  1. T h i s  was based on p res su re  r equ i r emen t s ,  
t h e  a v a i l a b l e  gas  supp ly ,  and t h e  present  s t a t e - o f - t h e - a r t  of c o n i c a l  Airmat 
weaving a s  r ega rds  p o r o s i t y .  The c r i t e r i a  f o r  t h e  48 t o  1 expans ion  r a t i o  
nozz le  i s  summarized a s  fo l lows .  

(a)  Airmat p re s su re  requi rement  - 
Load x 1.25 s a f e t y  f a c t o r  = 7.0 PSI 

(b) Airmat gas  supply = 5.22 l b s l s e c  

(c) Airmat p o r o s i t y  = 0.95 pe rcen t  
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4 .  5 - 2  Nozzle Extension Design D e s c r i p t i o n  

The b a s i c  5-2 nozz le  e x t e n s i o n  assembly drawings a r e  

EA 2211-013-101 Expansion r a t i o  48 t o  1 

EA 2211-013-103 Expansion r a t i o  41.33 t o  1 

Complete d e t a i l ,  assembly, and i n s t a l l a t  ion  drawings were prepared f o r  
each nozz le  ex tens ion .  

The b a s i c  change i n  t h e  nozz le  e x t e n s i o n  des ign  was t h e  development of  
c o n i c a l l y  woven Airmat.  This  g r e a t l y  reduced t h e  number of  seams r equ i r ed  
i n  f a b r i c a t i n g  the  Airmat assembly. 

The Airmat c o n s t r u c t i o n  f o r  t h e  c o n i c a l  Airmat  was a l s o  d i f f e r e n t  t h a n  
t h a t  f o r  t h e  f l a t  Airmat .  When f l a t  Airmat was used t h e  go res  were c u t  from 
t h e  Airmat s o  t h a t  t h e  f i l l  d i r e c t i o n  of t h e  Airmat became t h e  hoop d i r e c t i o n  
of t h e  nozz le  ex tens ion .  The f l a t  Airmat makeup was a s  fo l lows :  

Warp yarns  90 f i l a m e n t  ya rn  a t  112 ya rns  per  inch  

F i l l  yarns  300 f i l a m e n t  ya rn  a t  80 ya rns  per  inch  

Drop yarns  300 f i l a m e n t  y a r n  a t  4 1  ya rns  per square  inch  

Depth 4 inches  

When u s i n g  c o n i c a l  woven Airmat,  i t  is  necessa ry  t o  use t h e  Airmat warp 
y a r n s  i n  t h e  nozz le  e x t e n s i o n  hoop d i r e c t i o n .  The makeup of t h e  c o n i c a l  
Airmat was a s  fo l lows:  

Warp yarns  

F i l l  yarns  

Drop yarns  

Depth 

300 f i l a m e n t  yarns  a t  84 ya rns  pe r  i n c h  a t  t h e  
forward end of t h e  nozz le  e x t e n s i o n  t a p e r i n g  t o  
92 ya rns  per inch  a t  t h e  e x i t  end of  t h e  nozz le  
e x t e n s  ion  

90 f i l a m e n t  ya rns  a t  70 ya rns  p e r  i n c h  

300 f i l a m e n t  y a r n  a t  4 1  ya rns  p e r  squa re  inch  

4 inches  
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SECTION I V  

THERMAL A N D  FLOW ANALYSIS 

A. INTRODUCTION 

A p re l imina ry  the rma l  and f l o w  a n a l y s i s  w a s  conducted by 
Goodyear Aerospace Corporat ion t o  determine t h e  f e a s i b i l i t y  o f  
u s ing  A i r m a t  material as a medium f o r  apply ing  a t r a n s p i r a t i o n  
coo l ing  technique on an extendable  r o c k e t  nozz le  extension.  
This  p re l imina ry  a n a l y s i s  w a s  based on requirements  fu rn i shed  by 
t h e  North American R o c k w e l l  Corp., Rocketdyne D i v .  f o r  t h e  J-2X 
l i q u i d  f u e l e d  rocket engine.  The d e t a i l s  of  t h i s  were publ i shed  
i n  R e f .  (1) . The o b j e c t i v e s  of the  r e fe renced  s tudy  and a n a l y s i s  
w e r e :  (1) t o  develop A i r m a t  rrlaterial p o r o s i t y  requirements  f o r  
u s ing  a t r a n s p i r a t i o n  cool ing  technique ,  ( 2 )  e s t a b l i s h  a s imple  
t e s t  program f o r  e v a l u a t i n g  t h e  e f f e c t i v e n e s s  of t r a n s p i r a t i o n  
coo l ing  us ing  t h e  porous A i r m a t  material and f i n a l l y ,  ( 3 )  develop 
a means of e x t r a p o l a t i n g  t h e  tes t  r e s u l t s  t o  f u l l  scale c o n d i t i o n s  
as would e x i s t  on t h e  J-2X rocke t  engine.  

The r e s u l t s  of  t h i s  pre l iminary  program proved t o  be very  
encouraging. The r e s u l t s  o f  the  flow a n a l y s i s  i n d i c a t e d  t h a t  
A i r m a t  p o r o s i t i e s  on t h e  o rde r  of 1% w e r e  r e q u i r e d  f o r  t h e  range 
of  p o s s i b l e  t u r b i n e  exhaus t  gas  flow rates and p r e s s u r e  available.  
P a r a l l e l  e f f o r t s  i n  A i r m a t  weaving techniques  r e s u l t e d  i n  a t t a i n -  
i n g  of  A i r m a t  p o r o s i t y  leve ls  of about  1%. Simple t r a n s p i r a t i o n  
coo l ing  tests w e r e  t hen  conducted on developed A i r m a t  specimen 
material .  The tests showed t h a t  t h e  t r a n s p i r a t i o n  coo l ing  when 
a p p l i e d  t o  l o w  p o r o s i t y  Airmat material could be very e f f e c t i v e  
when employed as an active cool ing  system a t  coo lan t  f l o w  ra tes  
s i m u l a t i n g  t u r b i n e  exhaust  gas f l o w  rates. 

On t h e  b a s i s  of t he  p o s i t i v e  r e s u l t s  ob ta ined  dur ing  t h e  
p re l imina ry  s tudy  program, i t  w a s  recommended t h a t  a more broad- 
ened approach be taken  t o  develop t h e  t r a n s p i r a t i o n  cool ing  tech-  
n ique  us ing  A i r m a t  material. I n  p a r t i c u l a r ,  a m o r e  real is t ic  
approach f o r  determining t h e  e f f i c i e n c y  of t h e  t r a n s p i r a t i o n  
coo l ing  technique  i n  t e r m s  of t h e  a v a i l a b l e  system parameters  
w a s  r equ i r ed .  These are d iscussed  i n  t h e  fo l lowing  s e c t i o n s .  

B. THERMAL ANALYSIS 

The approach t o  determining t h e  t r a n s p i r a t i o n  cool ing  gas  
f l o w  ra te  requirements  and t h e  r e s u l t i n g  s u r f a c e  temperature  of 
t h e  i n n e r  w a l l  of t h e  A i r m a t  m a t e r i a l  dur ing  t h e  pre l iminary  
s tudy  w a s  based on a very simple s t eady  s t a t e ' hea t  balance pro- 
cedure.  
convec t ion  t o  t h e  i n n e r  w a l l  from t h e  engine exhaust  gas  t o  t h e  
s e n s i b l e  h e a t  rise of t h e  cool ing gas. The r e s u l t i n g  cool ing  gas 
flow ra te  requirement  and i n n e r  w a l l  temperature  p r e d i c t i o n s  

T h i s  procedure simply equated the  heat t r a n s f e r r e d  by 
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using this approach proved to be unsatisfactory primarily due to 
the high coolant gas flow rates required. Similarly, the 
approach used by Friedman in Reference ( 3 )  was utilized and led 
to a conservative prediction of the cooling gas flow rate re- 
quirement and Airmat material temperature. An approach developed 
by Bartle and Leadon was then investigated. Preliminary calcu- 
lations showed that this approach represented the effectiveness 
of transpiration cooling closely resembling the results obtained 
during the simple test program conducted during the preliminary 
phase of the nozzle extension program and reported in Ref. 1. 
The summary details of this approach are presented herein. 

The effectiveness of Airmat material as a heat exchanger 
can be obtained using the Bartle and Leadon approach as presented 
in Reference ( 4 ) .  Consider a portion of the Airmat nozzle 
extension wall as shown in Figure 17. A simple heat balance at 
a position within the nozzle extension equates the heat into the 
surface to the heat removed by the coolant or: 

where C = specific heat of the coolant, BtU/lb-OF 
PC 
h = convective heat transfer coefficient, 
g Btu/hr-ft2 - OF 

= adiabatic wall temperature, OF 

= surface temperature, O F  

= coolant inlet temperature, OF 

= coolant outlet temperature 

Taw 

TW 

Tci 

co T 

v = injection velocity of coolant, ft/sec. 

p = density of coolant, lb/ft’ 

If one assumes that the coolant outlet temperature is equal 
to the surface temperature of the porous material, then equation 
(1) can be written as: 

Substituting the relationship between the Stanton number 
and the convective heat transfer coefficient in equation (21, 
results in the following heat balance equation: 

36 
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Figure  1 7 .  Airmat T r a n s p i r a t i o n  Cooling Heat  Balance Model 
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Figure  18. E f fec t iveness  R a t i o  vs  Flow Rate 
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where St = Stanton number, dimensionless 
3 

= density of rocket exhaust gas, lb/ft 

u = velocity of rocket exhaust gas, ft/sec. 

= specific heat of rocket exhaust gas, 
Pg Btu/lb- OF 
C 

Since it is required to find the temperature of the porous 
surface in terms of the overall heat exchange effectiveness of 
the transpiration cooling mechanism, equation ( 3 )  must be re- 
defined in terms of the zero injection rate convective heat 
transfer coefficient and the unaltered adiabatic wall temperature. 
By substituting these parameters into equation ( 3 ) ,  the effec- 
tiveness ratio can be shown to be: 

This effectiveness ratio is shown in Figure 18 as a 
function of the dimensionless flow rates 

- - Where : C PC 

- C - 
P 9  

F =  
Sto - - 

9 =  

- 
90 - 

- T - 
awO 

Spectfic heat of the coolant gas, 
Btuplb- O F 

Specific heat of the rocket exhaust gas, 
Btu/lb.-'F 
( P V )  

Zero injection rate Stanton number 

= Mass velocity ratio 0, 

Modified heat flux rate into the 
porous surface, BtuIft2-sec. 

Zero injection rate heat flux rate, 
Btu/ft2-sec. 

Adiabatic wall temperature at zero 
injection rate, OR 
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This effectiveness ratio has been shown to be practically 
independent of Reynolds number and Mach number. As a consequence, 
it can easily be evaluated for a surface exposed to constant heat- 
conditions. A curve fit of Bartle and Leadon test data has shown 
that the effectiveness ratio could be represented by the follow- 
ing equation: 

- 3  
R =  

0 

(5) 

The sharp reduction in the effectiveness ratio as the flow rate 
parameter increases illustrates the potential of the transpir- 
ation cooling system for decreasing the porous wall temperature. 
For example, the effectiveness ratio will decrease if the wall 
temperature decreases for a constant coolant gas inlet temper- 
ature and an unvarying adiabatic wall temperature. Physically, 
the wall temperature reduction can be accomplished by increasing 
the mass flow of the coolant gas transpiring through the porous 
wall. The effectiveness ratio also dramatizes the fact that an 
overabundance of coolant gas flow will be very effective. An 
efficient design, where coolant gas availability is limited, 
must operate where the surface temperature is not minimal, but 
rather compatible with the materials available and can accom- 
modate the design requirements. 

C. FLOW ANALYSIS 

The expandable nozzle extension will be transpiration 
cooled by turbine exhaust gas flowing through the inside surface 
of the Airmat material forming the nozzle extension. The pressure 
acting on the inside surface of the Airmat nozzle extension can 
be considered small compared to the internal pressure of the 
Airmat extension. Thus, the ratio of external pressure to 
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i n t e r n a l  p r e s s u r e  across t h e  i n s i d e  s u r f a c e  where t h e  coo lan t  gas  
t r a n s p i r  s can be assumed t o  be always less than  t h e  c r i t i c a l  
p r e s s u r e  r a t i o  for  t h e  t u r b i n e  exhaus t  c o o l a n t  gas .  Therefore ,  
s o n i c  flow can be assumed t o  e x i s t  across t h e  i n n e r  s u r f a c e  of 
t h e  A i r m a t ,  provided t h i s  s u r f a c e  o f f e r s  enough c o n s t r i c t i o n  a t  
t h e  a v a i l a b l e  p r e s s u r e  o r  less t o  keep t h e  i n t e r n a l  p r e s s u r e  from 
f a l l i n g  o f f .  

Where s o n i c  flow e x i s t s  i n  t h e  open c r o s s - s e c t i o n a l  a r e a s  of 
t h e  A i r m a t  nozzle  ex tens ion ,  t h e  maximum t u r b i n e  exhaus t  gas  
flow r a t e  t h a t  can pass  through t h i s  f low c o n s t r i c t i o n  i s  r e l a t e d  
by t h e  fol lowing flow r e l a t i o n s h i p :  

w =  

where w =  

- 
p 1  - 

At - 
- 

- 
‘d - 

g =  

k =  

R =  

- 
T1 - 

/T 
(k  + 1 

t u r b i n e  exhaus t  gas  flow ra te  ( l b / s e c ) ,  

A i r m a t  p r e s s u r e  ( lb / sq  f t ) ,  

e x i t  area (sq f t ) ,  

f low c o e f f i c i e n t ,  dimensionless  

g r a v i t a t i o n a l  a c c e l e r a t i o n  (32 .2  f t / s e c  ) ,  

s p e c i f i c  h e a t  r a t i o ,  

gas  c o n s t a n t  p e r  u n i t  weight  ( f t  lb/lb-OR), and 

temperature  of  gas  a t  p ( O R ) .  1 

2 

I f  both s i d e s  of equa t ion  ( 6 )  are d iv ided  by t h e  s u r f a c e  
area (A ) t o  be cooled by t h e  t r a n s p i r i n g  g a s ,  t hen  t h e  mass flow 
p e r  uni?  of cooled s u r f a c e  a r e a  can be w r i t t e n  as fo l lows:  

( 7 )  

Thus t h e  mass flow r a t e  of c o o l a n t  gas  p e r  u n i t  of  cooled s u r f a c e  
area i s  a func t ion  of  t h e  upstream p r e s s u r e ,  t h e  type  of gas  and 
i t s  p r o p e r t i e s  as w e l l  a s  t h e  p o r o s i t y  of t h e  A i r m a t  i n n e r  wa l l .  
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This equat ion  can be used i n  v a r i o u s  ways. For example, assum- 
i n g  a f i x e d  l e v e l  of  p o r o s i t y ,  t h e  mass v e l o c i t y  p e r  u n i t  s u r f a c e  
area of t h e  t r a n s p i r a t i o n  medium can be determined f o r  a ra.nge 
of p r e s s u r e s  and d i f f e r e n t  coolan t  gas  mediums. I n  t h e  p r e s e n t  
case, t h e  cool ing  gas  medium and flow r a t e  i s  s p e c i f i e d  and it 
i s  r e q u i r e d  t o  develop a t r a n s p i r a t i o n  medium which sat isf ies  t h e  
p r e s c r i b e d  cond i t ions  under which i t  must ope ra t e .  Thus, equa- 
t i o n  ( 7 ) ,  i s  a v a l u a b l e  r e l a t i o n s h i p  which must be used t o  d e f i n e  
p o r o s i t y  requirements  as w e l l  as A i r m a t  o p e r a t i n g  p res su res .  
The l a t t e r  two parameters  a l o n g  w i t h  t h e  s u r f a c e  temperature  
c o r r e l a t i o n  p resen ted  as equat ion ( 5 )  are t h e  b a s i c  t o o l s  re- 
q u i r e d  t o  s tudy  pa rame t r i ca l ly  an a c t i v e  t r a n s p i r a t i o n  coo l ing  
system employing a t h i n  porous su r face .  

D. J*2$ NOZZLE EXTENSION ANALY S I S 

The J-2s r o c k e t  engine nozzle ex tens ion  w a s  i n v e s t i g a t e d  
t o  determine p r i m a r i l y  i t s  p o r o s i t y  requirement  f o r  t r a n s p i r i n g  
t h e  c o o l a n t  gas ,  i t s  opera t ing  temperature  and i t s  i n t e r n a l  
p r e s s u r e  c h a r a c t e r i s t i c s .  The r o c k e t  engine gas  and t u r b i n e  
exhaus t  gas  des ign  c r i te r ia  d a t a  f o r  t h e  J-2$ engine are presen- 
t e d  i n  Table I ,  whi le  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  and s t a t i c  
p r e s s u r e  a c t i n g  on t h e  i n s i d e  s u r f a c e  of  t h e  expandable nozz le  
s e c t i o n  are shown i n  F igu res  1 and 2 as a func t ion  of 
a x i a l  l ength .  

The p o r o s i t y  requirements f o r  t h e  i n n e r  s u r f a c e  of  t h e  ex- 
pandable nozz le  ex tens ion  were c a l c u l a t e d  us ing  equat ion  ( 7 )  and 
t h e  gaS data p resen ted  i n  T a b l e  I. The r e s u l t s  are shown i n  
F igu re  1 9  where t h e  i n t e r n a l  A i r m a t  p r e s s u r e  i s  shown ve r sus  
t h e  A i r m a t  p o r o s i t y  requirement f o r  t h r e e  d i f f e r e n t  mass v e l o c i t y  
va lues .  The upper va lue  o f  mass v e l o c i t y  (0.075 lb / sec  p e r  sq .  
f t .  of s u r f a c e  area) w a s  obtained hy d i v i d i n g  t h e  t u r b i n e  exhaus t  
gas  flow r a t e  of  9 .0  lb/sec by t h e  approximate i n s i d e  s u r f a c e  
area of t h e  expandable nozzle  ex tens ion .  This s u r f a c e  a r e a  w a s  
e s t ima ted  t o  be 1 2 0  f t 2 .  The o t h e r  v a l u e s  w e r e  ob ta ined  by de- 
c r e a s i n g  t h e  m a s s  f l o w  o f  t h e  exhaus t  gas whi le  keeping t h e  
nozz le  ex tens ion  area constant .  

The  purpose of t h e  d a t a  shown i n  F igure  1 9  w a s  p r i m a r i l y  
directed a t  e s t i m a t i n g  t h e  coolant  m a s s  v e l o c i t y  e f f e c t  on A i r m a t  
p r e s s u r e  and p o r o s i t y .  Des ign  data f o r  t h e  J-2s Nozzle ex tens ion  
l i m i t e d  t h e  upper p r e s s u r e  t o  20  p s i a ,  t h e  supply p r e s s u r e  of 
t h e  t u r b i n e  exhaus t  gas ,  and a lower p r e s s u r e  of  3 p s i a .  The 
l a t t e r  p r e s s u r e  i s  t h e  maximum s t a t i c  p r e s s u r e  a c t i n g  on t h e  
i n s i d e  s u r f a c e  o f  t h e  nozz le  ex tens ion .  Thus, a f a b r i c  having a 
p o r o s i t y  of 1.5%, t r a n s p i r i n g  t h e  t u r b i n e  exhaust  gas  a t  0.075 
l b / s e c - f t z  of  s u r f a c e  a r e a ,  w i l l  e s t a b l i s h  an A i r m a t  p r e s s u r e  of 
about  6 p s i a .  A t  t h i s  p re s su re ,  dec reas ing  t h e  mass v e l o c i t y  
r e q u i r e s  a dec reas ing  f a b r i c  po ros i ty .  However, a f i x e d  p o r o s i t y  
o f f e r s  t h e  p o s s i b i l i t y  of varying t h e  mass v e l o c i t y  over  an 
A i r m a t  i n t e r n a l  p r e s s u r e  range. The wides t  l a t i t u d e  f o r  vary ing  
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t h e  m a s s  v e l o c i t y  can appa ren t ly  be achieved a t  f ab r i c  p o r o s i t y  
l e v e l s  less than 1%. T h i s  p o r o s i t y  l e v e l  would a s s u r e  an i n t e r n a l  
Airmat p r e s s u r e  of a magnitude necessary t o  s u s t a i n  s o n i c  f l o w .  
The  e f f e c t i v e n e s s  r a t i o  was eva lua ted  us ing  t h e  des ign  d a t a  
p re sen ted  i n  Table I. Evalua t ion  of t h e  dimensionless  flow r a t e  
parameter  (C /C ) (F/Sto)  y i e l d e d  a va lue  of 4.2.  En te r ing  
F igure  1 8  aqcth'ilS v a l u e  y i e l d e d  an e f f e c t i v e n e s s  r a t i o  of  0.072.  
The w a l l  temperature  of t h e  expandable Airmat nozz le  s e c t i o n  w a s  
t h e n  c a l c u l a t e d  from t h e  e f f e c t i v e n e s s  r a t i o  as shown: 

Tw = 0 , 0 7 2  (Taw - Tci) + Tci 

The w a l l  temperature  w a s  c a l c u l a t e d  t o  be 967°F. Thus t h e  
coo lan t  temperature  i n c r e a s e s  by about 350°F dur ing  the  t r a n s p i -  
r a t i o n  through t h e  porous i n n e r  wa l l ,  This  tempera ture  i n c r e a s e  
w i l l  have an effect  on t h e  p o r o s i t y  requirement  of t h e  i n n e r  w a l l  
as shown i n  Figure 1 9 .  A temperature  i n c r e a s e  of  t h e  coo lan t  
gas w i l l  t end  to s h i f t  t h e s e  des ign  data  curves  upward and t o  
t h e  l e f t .  Thus, f o r  a c o n s t a n t  mass v e l o c i t y ,  t h e  i n t e r n a l  pres -  
s u r e  of t h e  A i r m a t  nozz le  ex tens ion  w i l l  i n c r e a s e  s l i g h t l y  and 
t h e  p o r o s i t y  requirement a t  t h e  coo lan t  gas  tempera ture  w i l l  a lso 
inc rease .  B o t h  of these i n c r e a s e s  appear  t o  be f a v o r a b l e  from a 
des ign  s t andpo in t  and when coupled w i t h  t h e  p r e d i c t e d  temperature  
l e v e l  would g ive  t h e  n o z z l e  ex tens ion  d e s i r a b l e  o p e r a t i n g  
c h a r a c t e r i s t i c s .  

E ,  SUB-SCALE NOZZLE EXTENSION ANALYSIS 

T h e  pre l iminary  phase of t h e  nozz le  ex tens ion  development 
program presented  i n  Reference (1) had recommended t h e  t e s t i n g  
of a s m a l l  s c a l e  rocke t  engine nozz le  ex tens ion .  The r e s u l t s  of 
t h e  a n a l y s i s  presented f o r  t h e  J-2s r o c k e t  engine nozz le  exten- 
s i o n  had i n d i c a t e d  t h a t  a t r a n s p i r a t i o n  cooled nozz le  ex tens ion  
should o p e r a t e  very  e f f e c t i v e l y  w i t h i n  t h e  t h e r m a l  des ign  
c r i t e r i a  s p e c i f i e d ,  A thermal  a n a l y s i s  w a s  t hen  conducted t o  
determine t h e  e f f e c t  of t h e  NASA 4 - K  t e s t  rocket engine  ope ra t -  
i n g  c h a r a c t e r i s t i c s  on t h e  s e l e c t i o n  of t h e  p o i n t  of  a t tachment  
for a t e s t  nozzle  ex tens ion  conf igu ra t ion ,  

1. Analysis 

The i n i t i a l  c o n s i d e r a t i o n  f o r  s e l e c t i n g  t h e  p o s i t i o n  of t h e  
sub-sca le  nozzle ex tens ion  w a s  g iven t o  e s t a b l i s h i n g  t h e  range 
of  h e a t  t r a n s f e r  c o e f f i c i e n t s  a long t h e  s u r f a c e  of t h e  ex tens ion .  
These h e a t  t r a n s f e r  c o e f f i c i e n t s  were c a l c u l a t e d  us ing  B a r t z ' s  
equa t ion  taken from Reference 5 : 
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F i g u r e  19. A i r m a t  P r e s s u r e  v s  P o r o s i t y  J-2s Nozzle Extension 
Turbine Exhaust Gas 

AXIAL L E N G T H  FROM DE= 5 .  I5 (INCHES) 

F i g u r e  20. Heat T r a n s f e r  C o e f f i c i e n t  - 4 K  Engine 
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The thermal t r a n s p o r t  p r o p e r t i e s  r equ i r ed  f o r  e v a l u a t i n g  
equa t ion  ( 8 )  were taken from Reference 6 a t  t h e  a p p r o p r i a t e  
chamber p res su re ,  combustion tempera ture  and mixture  r a t i o  pre-  
s en ted  i n  Table I V .  The r e s u l t s  a r e  shown i n  F igu re  ( 2 0 ) f o r  t w o  
combustion chamber p r e s s u r e s .  
2 0  i s  re ferenced  from t h e  e x i t  p l ane  of  t h e  4K engine where t h e  
e x i t  diameter  i s  5.15 inches .  The h e a t  t r a n s f e r  c o e f f i c i e n t s  
vary from a maximum va lue  o f  0 .0016  Btu/in2-sec-"F t o  0,000038 
Btu/in-2-sec-'F f o r  a combustion chamber p r e s s u r e  of  1000 p s i a  
and from 0 .0012  Btu/in2-sec-'F t o  0 .000028  Btu/in2-sec-'F f o r  a 
combustion chamber p r e s s u r e  o f  6 0 0  p s i a .  
t o  d u p l i c a t e  t h e  J-2s nozz le  ex tens ion  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  
a p o i n t  of  a t tachment  8 t o  1 0  inches  from t h e  Reference 4K e x i t  
p lane  was r equ i r ed .  

The a x i a l  d i s t a n c e  shown i n  F igu re  

I t  appeared t h a t  i n  o r d e r  

The nozz le  ex tens ion  flow ra te  requirements  w e r e  examined on 
t h e  b a s i s  of i n t e r n a l  A i r m a t  p r e s s u r e  vary ing  f r o m  4.5 p s i a  t o  
20  p s i a .  The 4.5 p s i a  p r e s s u r e  w a s  p r e d i c t e d  t o  be  t h e  maximum 
s t a t i c  p r e s s u r e  a c t i n g  on t h e  nozz le  ex tens ion  du r ing  t h e  rocket 
engine ope ra t ing  t i m e  whi le  t h e  l a t t e r  p r e s s u r e  w a s  t h e  maximum pres-  
s u r e  a t  which t h e  t u r b i n e  exhaus t  gas  would be suppl ied .  A 
nominal p o r o s i t y  range vary ing  from a 0.5% t o  1.5% w a s  examined 
s i n c e  it appeared t h a t  t h i s  p o r o s i t y  g o a l  could be achieved dur ing  
t h e  weaving of A i r m a t  c l o t h .  The flow rates were c a l c u l a t e d  us ing  
equat ion  ( 6 )  us ing  t h e  r o c k e t  exhaus t  g a s  and c o o l a n t  gas  proper- 
t i e s  l i s t e d  i n  t h e  fo l lowing  t a b l e :  

4-K Rocket 
Engine Exhaust G a s  

S p e c i f i c  Heat 
(Btu/lb-'F) 0 .92  

R a t i o  of S p e c i f i c  Heats 1 - 1 7  

Molecular Weight 
(lb/lb-mole) 1 2 . 1  

Recovery Temperature 6000'R 

Coolant I n l e t  Temperature - -  
The r e s u l t s  of t h e  computations are shown 

Hydrogen 
C o o l a n t  G a s  

3.42 

1 . 4 0  

2.00 

- -  
600'F 

i n  F igu re  2 1 .  , .  

The mass v e l o c i t y  of t h e  coo lan t  gas  i s  shown as a f u n c t i o n  of  
t h e  i n t e r n a l  A i r m a t  p r e s s u r e  f o r  t h r e e  A i r m a t  p o r o s i t y  va lues .  
The m a s s  v e l o c i t y  of t h e  J-2s nozz le  ex tens ion  w a s  expected t o  
be 0.075 l b / s e c  p e r  square  f o o t  of s u r f a c e  area. A t  t h i s  m a s s  
v e l o c i t y  and a p o r o s i t y  of 1%, t h e  i n t e r n a l  A i r m a t  p r e s s u r e  
would be 1 2  p s i a .  Assuming t h e  s u r f a c e  area of sub-sca le  nozz le  
ex tens ion  t o  be 3 square  f e e t ,  a coo lan t  gas  flow of 0.225 lb / sec  
would be requi red .  An i n c r e a s e  i n  p o r o s i t y  t o  1.5% f o r  t h e  same 
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coo lan t  gas flow r a t e  would decrease t h e  i n t e r n a l  A i r m a t  p r e s s u r e  
t o  8 p s i a .  

The i n s i d e  s u r f a c e  temperature  was c a l c u l a t e d  us ing  t h e  
e f f e c t i v e n e s s  r a t i o  g iven  by equa t ion  ( 5 ) .  T h e  c o o l a n t  gas  flow 
ra te  w a s  ob ta ined  from Figure 2 1  f o r  a p o r o s i t y  of 1%. Using 
t h e  t e s t  rocke t  engine gas  c h a r a c t e r i s t i c s  and t h e  coo lan t  gas 
p r o p e r t i e s  p re sen ted ,  an  i n n e r  s u r f a c e  temperature  of  620'F was 
c a l c u l a t e d  f o r  t h e  assumed t r a n s p i r a t i o n  coo l ing  cond i t ions .  

2. T e s t  Resu l t s  

The preceding c a l c u l a t i o n s  w e r e  based on nominal test  r o c k e t  
engine o p e r a t i n g  c h a r a c t e r i s t i c s  and t e n t a t i v e  nozz le  ex tens ion  
geometry. The o b j e c t i v e  of  t h e  s tudy  w a s  t o  e s t a b l i s h  t h e  t e s t  
cond i t ions  under which t h e  test e v a l u a t i o n  of  t h e  ex tendable  
nozz le  ex tens ion  could suppor t  f u l l  scale des ign  a n a l y s i s .  

e x t e n s i o n , a  more complete d e f i n i t i o n  of t h e  tes t  rocke t  engine 
o p e r a t i n g  charac te r i s t ics  was d e s i r a b l e .  T h i s  in format ion  w a s  
ob ta ined  by t e s t  f i r i n g  t h e  test  r o c k e t  engine wi th  a dummy nozzle  
ex tens ion  i n s t a l l e d .  The dummy nozz le  ex tens ion  w a s  f a b r i c a t e d  
f r o m  s tee l  m a t e r i a l s  and s imulated t h e  geometry of t h e  a c t u a l  
nozz le  ex tens ion .  The fol lowing t a b l e  summarizes t h e  t e s t  rocket 
engine o p e r a t i n g  characteristics t h a t  w e r e  ob ta ined .  

To e s t a b l i s h  the  f i n a l  des ign  o f  t h e  t es t  model nozz le  

Engine Combustion Chamber P res su re  
Engine Mixture Ratio 
Molecular Weight 

S p e c i f i c  Heat a t  Constant P r e s s u r e  
S p e c i f i c  Heat R a t i o  
Flow R a t e  

Combustion Chamber Temperature 
Characteris t i c  Veloci ty  

825 p s i a  
4.33 

10.75 l b / l b  m o l e  
1 .3  b t u / l b  O R  

1 . 1 9  
8.37 lb/sec 
530OOF 
7632 ft /sec 

These rocket engine c h a r a c t e r i s t i c s  were u t i l i z e d  t o  o b t a i n  
a f i n a l  set  of flow parameters r equ i r ed  f o r  e v a l u a t i n g  t h e  t r a n -  
s p i r a t i o n  coo l ing  system. 

The zero i n j e c t i o n  r a t e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  shown 
a s  a func t ion  of t h e  d ive rgen t  sect ion a r e a  r a t i o  for  two w a l l  
temperature  v a l u e s  i n  Figure 22. T h i s  d a t a  w a s  c a l c u l a t e d  us ing  
equat ion  ( 8 )  f o r  t h e  rocket  engine data  p resen ted  above, whi le  
t h e  w a l l  t empera tures  w e r e  obtained by measurements conducted on 
t h e  steel w a l l  nozz le  ex tens ion  dur ing  r o c k e t  engine t es t  f i r i n g s .  
A t  a down-stream a r e a  r a t i o  of 27.5, t h e  zero i n j e c t i o n  ra te  h e a t  
t r a n s f e r  c o e f f i c i e n t s  were p red ic t ed  to vary from about 0 .0003  t o  
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0 .00037  Btu/in2-sec-OR whi l e  a t  an expansion r a t i o  of 8 0 ,  t h e s e  
va lues  v a r i e d  from 0 . 0 0 0 1  t o  0 .00013  Btu/in2-sec-OR. 
forward l o c a t i o n ,  t h e  so l id  w a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s  are 
s l i g h t l y  h ighe r  t han  those  expected du r ing  J-2s extendable  
nozz le  ex tens ion  ope ra t ion .  However, good s imula t ion  can be 
achieved a t  an a r e a  r a t i o  of about 40.  

A t  t h e  

The s t a t i c  p r e s s u r e  a c t i n g  on t h e  s o l i d  w a l l  nozz le  w a s  a lso 
measured. These p r e s s u r e s  are shown i n  F igu re  2 3  as a f u n c t i o n  
of  t h e  d i v e r g e n t  s e c t i o n  a rea  r a t io .  Good agreement wi th  t h e  
t h e o r e t i c a l  p r e s s u r e  d i s t r i b u t i o n  which w a s  c a l c u l a t e d  us ing  t h e  
rocke t  engine d a t a  w a s  i nd ica t ed .  This  agreement t h u s  suppor t s  
t h e  v a l i d i t y  of  t h e  zero i n j e c t i o n  r a t e  h e a t  t r a n s f e r  c o e f f i c i e n t s  
t h a t  w e r e  p re sen ted  i n  Figure 2 2 .  

The m a s s  v e l o c i t y  of t h e  hydrogen c o o l a n t  gas w a s  c a l c u l a t e d  
us ing  equa t ion  (7) a s a f u n c t i o n  of i n t e r n a l  A i r m a t  p r e s s u r e  f o r  
t w o  p o r o s i t y  levels .  These f l o w  rates are shown i n  F igu re  24  
and 25 . The A i r m a t  i n t e r n a l  p r e s s u r e  i s  g iven  i n  a b s o l u t e  
u n i t s  s i n c e  t h e  d i f f u s e r  s e c t i o n  used i n  t h e  t es t  set-up w a s  
capable  of s i m u l a t i n g  high a l t i t u d e  c o n d i t i o n s ,  i , e .  a very l o w  
ambient back p r e s s u r e  w i t h  r e s p e c t  t o  t h e  r o c k e t  engine.  A 
c o o l a n t  gas  i n l e t  temperature  of 60'F w a s  u t i l i z e d  t o  c a l c u l a t e  
t h e  m a s s  v e l o c i t y  coo lan t  flow rates s i n c e  t h e  f i r s t  series of 
tes ts  w e r e  t o  be conducted wi th  unheated c o o l a n t  gas .  Super- 
imposed on t h e  t h e o r e t i c a l  d a t a  are seven tes t  p o i n t s  ob ta ined  
du r ing  r o c k e t  engine ope ra t ion  of s u f f i c i e n t  d u r a t i o n  t o  es tab-  
l i s h  s t eady  s ta te  t r a n s p i r a t i o n  cool ing  cond i t ions .  The f i r s t  
tes t  p o i n t  ( # 1 2 )  was purposely conducted a t  a r e l a t i v e l y  high 
c o o l a n t  f low rate  ( 0 . 1 6 8  l b / sec - f t2 )  t o  check o u t  t h e  t r a n s p i r -  
a t i o n  coo l ing  system as w e l l  as t h e  in s t rumen ta t ion  i n t e g r i t y .  
The p o r o s i t y  of  t h e  expandable nozz le  s e c t i o n  w a s  e s t a b l i s h e d  
t o  be s l i g h t l y  h igher  than  1%. An i n t e r n a l  A i r m a t  p r e s s u r e  of 
1 7 . 8  p s i a  w a s  ob ta ined  a t  t h e  tes t  coo lan t  f low rate.  The s i x  
o t h e r  p o i n t s  w e r e  ob ta ined  during r o c k e t  engine s t eady  s t a t e  
o p e r a t i n g  cond i t ions  a t  much reduced flow rates. The i n t e r n a l  
A i r m a t  p r e s s u r e  ranged between 1 0  and 1 4  p s i a .  The average 
p o r o s i t y  level  r e s u l t i n g  from t h e s e  tests i n d i c a t e  a p o r o s i t y  of 
about  0.075, The decrease  i n  p o r o s i t y  f o r  t h e s e  series of t e s t  
p o i n t s  w a s  e v i d e n t l y  due t o  a c l ean ing  technique  used a f t e r  a 
r e p a i r  o p e r a t i o n  on t h e  expandable nozz le  ex tens ion  conducted 
a f t e r  t h e  f i r s t  tes t ,  This  r e p a i r  o p e r a t i o n  i s  d i scussed  else- 
where i n  t h i s  r e p o r t .  

Two o t h e r  p o r o s i t y  t e s t  p o i n t s  a t  an e l e v a t e d  c o o l a n t  gas  
i n l e t  temperature  obta ined  during s t eady  s ta te  r o c k e t  engine 
f i r i n g  are shown i n  F igure  25 . The m a s s  v e l o c i t y  w a s  aga in  
c a l c u l a t e d  us ing  equa t ion  (7) as a f u n c t i o n  of  i n t e r n a l  Airmat 
p r e s s u r e  f o r  two p o r o s i t y  l e v e l s  and t h r e e  d i f f e r e n t  e l e v a t e d  
c o o l a n t  gas  i n l e t  temperatures.  The p o r o s i t y  f o r  t h e s e  two t e s t  
p o i n t s  appears  t o  be 0 .008  f o r  a c o o l a n t  gas  i n l e t  temperature  
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ranging  from 200'F t o  300OF. 

A l l  of t h e  f l o w  data obtained du r ing  t h e  t es t  r o c k e t  engine  
f i r i n g  correlate w e l l  w i t h  t h e  t h e o r e t i c a l  f l o w  data  genera ted  
by equa t ion  ( 7 ) .  This equat ion assumed t h a t  s o n i c  flow exis ts  
i n  c l o t h  openings and t h e  coolan t  gas t r a n s p i r i n g  through t h e  
ve ry  l o w  p o r o s i t y  c l o t h  i s  t h e n  a f u n c t i o n  of t h e  i n t e r n a l  
c o o l a n t  gas  p r e s s u r e ,  temperature as w e l l  as t h e  gas  p h y s i c a l  
p r o p e r t i e s .  The gas  flow tes t  d a t a  o b t a i n e d  on t h e  ve ry  t h i n ,  
very  l o w  p o r o s i t y  c lo th  reinforce t h e  v a l i d i t y  of t h i s  assumption. 

The t es t  flow d a t a  was t h e n  converted i n t o  t h e  dimension- 
) ( F i s t o )  t o  be p l o t t e d  a g a i n s t  t h e  less f l o w  parameter  (c /c 

eva lua ted  e f f e c t i v e n e s s  r a t io  t h a t  w a s  c a l c u l a t e d  us ing  t h e  
measured temperatures .  Th i s  d a t a  p r e s e n t a t i o n  i s  shown i n  F igu re  

26  a long  wi th  t h e  B a r t l e  and Leadon theoret ical  e f f e c t i v e n e s s  
r a t io .  Most of t h e  data po in t s  f a l l  below t h e  B a r t l e  and Leadon 
data. On t h e  basis of t h i s  d a t a  comparison it appears  t h a t  t h e  
t r a n s p i r a t i o n  coo l ing  system, as u t i l i z e d  i n  A i r m a t  m a t e r i a l ,  i s  
m o r e  e f f e c t i v e  than  t h e  B a r t l e  and Leadon c o r r e l a t i o n  i n d i c a t e s ,  

PC Pg 

A more d i rec t  approach toward reducing  t h e  tes t  d a t a  i s  
shown i n  F igure  27 and 28 . U t i l i z i n g  equa t ion  ( 5 ) ;  t h e  
tempera ture  of  t h e  i n n e r  surface of  t h e  A i r m a t  nozz le  ex tens ion  
w a s  c a l c u l a t e d  as a func t ion  of t h e  c o o l a n t  gas  flow r a t e  f o r  
t h r e e  d i f f e r e n t  c o o l a n t  gas i n l e t  t empera ture  s t r a d d l i n g  t h e  t es t  
cond i t ions .  These c a l c u l a t i o n s  are shown as s o l i d  l i n e s  i n  
F igu res  27 and 28 . The measured tempera ture  extremes are 
shown as v e r t i c a l  l i n e s .  The d a t a  shown i n  F igu re  28 w a s  
s e p a r a t e d  from t h e  d a t a  shown i n  F igu re  27 fo r  c l a r i t y  
purposes.  The t e s t  data appear t o  correlate very  w e l l  w i t h  t h e  
t h e o r e t i c a l  data calculated us ing  equa t ion  ( 5 ) .  T h i s  i s  par- 
t i c u l a r l y  t r u e  i n  t h e  case where t h e  c o o l a n t  gas  f l o w  ra te  has  
been decreased t o  t h e  lowest flow ra te  v a l u e s  du r ing  t e s t i n g .  
A t  these reduced flow rates, t h e  measured s u r f a c e  temperatures  
reached a maximum level  fo r  any of t h e  t es t  cond i t ions .  

On t h e  basis of t h e  c o r r e l a t i o n  desc r ibed  above, it was 
concluded t h a t  t h e  measured s u r f a c e  tempera tures  appeared t o  be 
s l i g h t l y  lower than  t h o s e  p r e d i c t e d  by us ing  equa t ion  ( 5 1. 
Therefore ,  an  a t t empt  w a s  made t o  develop a mod i f i ca t ion  of t h e  
B a r t l e  and Leadon equat ion  f o r  t h e  e f f e c t i v e n e s s  r a t i o  t h a t  would 
f i t  t h e  t e s t  d a t a  more c lose ly .  The purpose of t h i s  e f f o r t  was 
t o  d e f i n e  an e f f e c t i v e n e s s  r a t i o  equat ion  t h a t  would account f o r  
t h e  observed t r a n s p i r a t i o n  coo l ing  technique  as used i n  conjunc- 
t i o n  w i t h  an A i r m a t  expandable nozz le  ex tens ion .  
t i o n  cons is ted  of simply varying t h e  c o n s t a n t  which m u l t i p l i e s  
t h e  dimensionless  f l o w  parameter i n  t h e  e f f e c t i v e n e s s  r a t i o  
equat ion .  The r e s u l t s  a r e  shown i n  F igu re  29 . I n  p a r t i c u l a r ,  
t h e  equa t ion  

T h e  modifica- 
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formed an express ion  t h a t  f i t s  t h e  t es t  d a t a  s a t i s f a c t o r i l y .  

F. J - 2  NOZZLE EXTENSION 

On t h e  b a s i s  of t h e  p o s i t i v e  r e s u l t s  ob ta ined  from t h e  sub- 
scale nozz le  ex tens ion  tes t  program, a d e c i s i o n  w a s  made t o  
proceed wi th  t h e  des ign  and f a b r i c a t i o n  of a f u l l  scale J-2  
rocket engine nozzle  ex tens ion .  The thermal  and flow des ign  
c r i t e r i a  are presented  here .  The des ign  c r i t e r i a  i s  based on 
t h e  J - 2  r o c k e t  engine  o p e r a t i n g  c h a r a c t e r i s t i c s  p re sen ted  i n  
Table  V . 

1. Coolant G a s  Mass Ve loc i ty  C r i t e r i a  

The coolan t  gas  o r  simply t h e  t u r b i n e  exhaus t  gas f l o w  rate 
has been s p e c i f i e d  t o  be 5.22 l b / s e c  a t  a supply p r e s s u r e  of 
20 .9  p s i a  t o  t h e  nozz le  ex tens ion  manifold.  I n  o r d e r  t o  d e t e r -  
mine t h e  mass v e l o c i t y  of  t h e  c o o l a n t  g a s  f o r  t h e  nozz le  exten-  
s i o n  t h e  mass v e l o c i t y  as a f u n c t i o n  o f  nozz le  ex tens ion ,  s u r f a c e  
area w a s  c a l c u l a t e d  by d i v i d i n g  t h e  p r e s c r i b e d  c o o l a n t  gas  flow 
rate  by t h e  nozzle  ex tens ion  i n s i d e  s u r f a c e  area as t h e  area 
r a t i o  w a s  increased .  The r e s u l t s  of t h i s  computation are shown 

0,165 l b / sec - f t2  f o r  a s u r f a c e  area of 3 1 . 4  f t 2  a t  an area r a t i o  
of  35 t o  0 . 0 4  l b / sec - f t2  f o r  a s u r f a c e  area of 128.8 f t 2  a t  an 
a r e a  r a t i o  of  55. 

I 

, i n  F igu re  30 . The m a s s  v e l o c i t y  of t h e  c o o l a n t  g a s  varies f r o m  

2. N o z z l e  Extension P r e s s u r e  C r i t e r i a  

I The i n t e r n a l  p r e s s u r e  of t h e  A i r m a t  nozz le  ex tens ion  has 
been shown t o  be a f u n c t i o n  of t h e  mass v e l o c i t y ,  t h e  p o r o s i t y  
of t h e  i n n e r  s u r f a c e  and t h e  c o o l a n t  g a s  p r o p e r t i e s ,  One of t h e  
p r i n c i p l e  des ign  parameters  fo r  d e f i n i n g  t h e  geometry of t h e  J - 2  
nozz le  ex tens ion  i s  t h e  i n t e r n a l  p r e s s u r e .  This  p r e s s u r e  w a s  
c a l c u l a t e d  using equa t ion  ( 7 )  and gas  p r o p e r t i e s  p re sen ted  i n  
Table  I11 f o r  fou r  p o r o s i t y  l e v e l s .  The r e s u l t s  are shown i n  
F igu re  3 1  . Using t h e  mass v e l o c i t y  c r i t e r i a  p r e s e n t e d  i n  
F igure  30 and assuming a nominal p o r o s i t y  of 1%, t h e  nozz le  
ex tens ion  p r e s s u r e  would be 19.3 p s i a  f o r  an  area r a t i o  of 35 
and 4 .7  p s i a  f o r  an a r e a  r a t i o  o f  55. I n c r e a s i n g  t h e  p o r o s i t y  
t o  1.5% would dec rease  t h e  i n t e r n a l  p r e s s u r e  t o  1 2 . 9  p s i a  a t  
lower area r a t i o  and drop t h e  i n t e r n a l  p r e s s u r e  t o  3 . 3  p s i a  a t  
t h e  upper r a t i o .  Conversly,  dec reas ing  t h e  p o r o s i t y  would i n c r e a s e  
t h e  i n t e r n a l  p re s su re  s i g n i f i c a n t l y .  
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Figure  29.  T r a n s p i r a t i o n  Cooling C o r r e l a t i o n  
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53 



3. Cooling E f f e c t i v e n e s s  R a t i o  

The t r a n s p i r a t i o n  coo l ing  system e f f e c t i v e n e s s  of t h e  Airmat 
nozz le  ex tens ion  i s  p r i m a r i l y  a f u n c t i o n  of t h e  r a t i o  of t h e  
s p e c i f i c  hea t  of t h e  coo lan t  gas  t o  t h e  s p e c i f i c  h e a t  of t h e  
rocke t  engine exhaus t ,  t h e  m a s s  v e l o c i t y  r a t i o  of t h e  coo lan t  
gas  t o  t h e  rocke t  exhaust  gas  and t h e  non-dimensionalized h e a t  
t r a n s f e r  c o e f f i c i e n t .  These l a t t e r  t e r m s  form a non-dimensional 
flow parameter which has been c o r r e l a t e d  w i t h  tes t  d a t a  t o  d e f i n e  
an  e f f e c t i v e n e s s  r a t i o  fo r  an a c t i v e  t r a n s p i r a t i o n  cool ing  system. 
The e f f e c t i v e n e s s  r a t i o  has been de f ined  t o  follow equat ton  ( 5 )  
on  
Leadon. However, t e s t  r e s u l t s  ob ta ined  i n  t h i s  program y i e l d  an 
e f f e c t i v e n e s s  r a t i o  t h a t  has been c o r r e l a t e d  t o  follow t h e  rela- 
t i o n s h i p  given by equat ion  ( 9 ) .  S ince  t h e  e f f e c t i v e n e s s  r a t l o  ks 
a lso  a measure  of t h e  temperature  of t h e  t r a n s p i r a t i o n  cooled 
s u r f a c e ,  i t  i s  a l s o  a des ign  parameter  r e q u i r e d  t o  d e f i n e  t h e  5-2 
nozz le  ex tens ion  geometry. Thus, equa t ion  ( 9 )  w a s  u t i l i z e d  t o  
o b t a i n  t h e  inne r  s u r f a c e  temperature .  

t h e  b a s i s  of c o r r e l a t e d  t e s t  d a t a  ob ta ined  by B a r t e l  and 

The p r o p e r t i e s  of t h e  coo lan t  g a s ,  t h e  r o c k e t  exhaus t  gas 
and t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  are now used t o  eva lua te  t h e  
dimensionless  f l o w  parameter  f o r  an expandable nozz le  ex tens ion  
o u t  t o  an a rea  r a t i o  of 55. 

- 1 . 7  x l o w 4  x 1 4 4  = o . 0 4 6 5  
- (534/9320) ( 0 . 9 2 )  

Then 

C 
= 3.38 - - -  PC F - (2 .21 )  ( .071)  

C Pg StO 
(0.0465) 

En te r ing  Figure 29  a t  t h e  va lue  of t h e  non-dimensional f low 
parameter y i e l d s  and e f f e c t i v e n e s s  r a t i o  of about  0.025. The 
s u r f a c e  temperature  a t  t h e  at tachment  p o i n t  may be c a l c u l a t e d  
from t h e  e f f e c t i v e n e s s  r a t i o  as fo l lows:  

TW = R(Taw - TCi) + Tci 

= 0,025 (5700 - 524) + 524 = 654'F 
TW 
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Since the only variable in the non-dimensional flow parameter for 
a specified set of flow properties and a geometric arrangement is 
the heat transfer coefficient, the surface temperature along a 
nozzle extension ray may be calculated. The heat transfer coef- 
ficient diminishes along a ray yielding an increasing non-dimen- 
sional flow parameters. In turn, the surface temperature of the 
transpiration cooled surface decreases as the distance along a 
ray increases. The surface temperature at the exit plane was 
calculated to 576'F. The surface temperature using equation (5) 
i.e. the Bartle and Leadon correlation would predict the fore and 
aft surface temperature variation to range from 1041'F to 784'F. 

If it is assumed that the nozzle extension is to be less 
than for an area ratio of 55, the surface temperature range in 
the fore and aft direction would decrease. This decrease in the 
surface temperature range would be due to an increase in the non- 
dimensional flow parameter which leads to a reduced value of the 
effectiveness ratio. Hence, a set of lower surface temperature 
values. 

I 

4. System Pressure Drop Analysis 

The pressure drop in the turbine exhaust gas ducting system 
was analyzed to determine if this parameter may compromise the 
design of the nozzle extension. The analysis was conducted on 
the basis of a weight flow rate of 5.22 lb/sec being available 
for transpiration cooling the Airmat nozzle extension sectfon. 
This flow rate is available at a pressure of 20.9 psia. 

The pressure drop in the flow system would be that due to a 
right angle turn from the exhaust duct into the manifold, expan- 
sion from the exhaust duct into the manifold, a right angle turn 
into the orifices feeding the Airmat section, compression and 
expansion through the orifices, and finally that pressure drop 
due to friction forces. These individual pressure drops in the 
duct system were then estimated in terms of the equivalent duct 
length of manifold. The Darcy-Weisbach relationship, given as 
equation (10) was then employed to calculate the pressure drop 
in the flow system: 

The results of the analysis are shown in Figure 32 . The 
pressure drop in the duct system has been estimated to be about 
5.4 psi at a flow rate of 5.22 lb/sec. The resulting pressure 
in Airmat nozzle extension would be 15.5 psi. However, the 
Airmat material porosity is expected to be in the order of 1%. 
At this porosity level and a flow rate of 5.22 lb/sec., the 
resulting Airmat pressure is expected to be in the order of 7-8 
psia. Thus, the pressure drop in the duct system should not 
limit the steady state operation of the nozzle extension. 
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SECTION V 

SUBSCALE NOZZLE EXTENSION TESTING 

A.  NOZZLE EXTENSION DIMENSIONAL CHECK 

P r i o r  t o  s h i p p i n g  of t h e  t e s t  model e x t e n s i o n  t o  NASA,  a f low o r  p r e s s u r e  
t e s t  was conducted on t h e  e x t e n s i o n .  The purpose of t h i s  t e s t  was t o  o b t a i n  
p o r o s i t y  measurements on t h e  e x t e n s i o n  t o  a s c e r t a i n  t h e  e f f e c t s  of f a b r i c a t i o n  
on t h e  Airmat p o r o s i t y ,  t o  check t h e  l e a k  t i g h t n e s s  of t h e  e x t e n s i o n  c o a t i n g ,  
and t o  check t h e  g e n e r a l  nozz le  shape c h a r a c t e r i s t i c s .  F i g u r e  33 shows t h e  
t e  s t s e t u p .  

The nozz le  e x t e n s i o n  was b o l t e d  t o  a piece of t h r e e - q u a r t e r  i n c h  plywood 
which had c u t  i n  i t ,  s i x  e q u a l l y  spaced s l o t s  w i t h  an  O.D. of 14.25 inches  
and a n  I . D .  of 11.25 i n c h e s ,  w i t h  1.5 inches  between s l o t s ,  g i v i n g  a t o t a l  
i n l e t  a r e a  of 43.65 square  i n c h e s .  A one-half  inch  t h i c k  p i e c e  of plywood, 
11.20 inches  i n  diameter  was used a s  a s p a c e r  between t h e  i n n e r  r i n g  o f  t h e  
specimen and t h e  mounting panel .  A s i x - i n c h  d iameter  h o l e  was a l s o  c u t  i n  
t h e  mounting panel  a s  a bypass .  This  h o l e  could be c losed  by means of a 
s l i d e  g a t e  recessed  i n  t h e  forward face of t h e  pane l .  

The panel  w i t h  e x t e n s i o n  i n s t a l l e d  was b o l t e d  t o  t h e  o u t l e t  s i d e  of a 
B u f f a l o  Forge blower. S u r g i c a l  t u b i n g ,  one-quar te r  inch  i n  diameter ,was r u n  
from t h e  f o u r  p r e s s u r e  measurement f i t t i n g s  on t h e  specimen t o  f o u r  water  
manometers i n  o r d e r  t o  o b t a i n  t h e  Airmat p r e s s u r e .  

F i g u r e  33 .  Subscale  Model Nozzle Extens ion  Flow 
Tes t  Setup 
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A i r  v e l o c i t y  r ead ings  were obta ined  from a mechanical  anemometer which 
was c e n t e r e d  i n  a h o l e  wi th  an a r e a  of one squa re  f o o t  i n  ano the r  t h r e e - q u a r t e r  
inch  plywood panel  which was b o l t e d  t o  t h e  i n l e t  s i d e  o f  t he  blower.  

The blower was turned  on wi th  t h e  s l i d e  g a t e  i n  t h e  mounting panel  open. 
The s l i d e  ga te  was g r a d u a l l y  c losed  and t h e  Airmat nozz le  e x t e n s i o n  was i n f l a t e d .  

Two s e r i e s  of t e s t  readings  were taken ,  each f o r  approximate ly  two minutes .  
A i r  v e l o c i t y  was read  on t h e  anemometer a t  t h e  i n l e t  of t h e  wind t u n n e l .  S t a t i c  
p re s su re  i n  the nozz le  was read  on each  of f o u r  wa te r  manometers, whi le  p r e s s u r e  
upstream of the specimen was read  on a f i f t h  water  manometer. 

The t e s t  r ead ings  a r e  presented  i n  Table  X I I .  

Table  XII. Test Measurements - Subsca le  Model Nozzle Extension 

In le t  Volume Upstream _L--- Flow Rate S t a t i c  Press. 

2 
1 F t  386 9.6 

Airmat Pressure 
Pa - Inches Water 

1 I 

1121314 
Air Temp. 

Ta 

no 
no 

28.94 

28.94 

The purpose of conduct ing a few t e s t s  on t h e  f a b r i c a t e d  model nozz le  

S ince  t h e  t o t a l  p re s su re  c a p a b i l i t y  of t h e  t e s t  f a c i l i t y  
e x t e n s i o n  was t o  conf i rm t h e  1 percent  p o r o s i t y  obta ined  e a r l i e r  from f a b r i c  
specimen t e s t s .  
was l i m i t e d  t o  a r e l a t i v e l y  low va lue  of t o t a l  p r e s s u r e  when compared 
t o  t h e  p re s su re  range a v a i l a b l e  from t h e  J-2s t u r b i n e  exhaus t  gas ,  t h e  
expe r imen ta l  e v a l u a t i o n  was l i m i t e d  t o  e v a l u a t i n g  p o r o s i t y  of t h e  nozz le  
e x t e n s i o n  a t  a very  low p r e s s u r e  d i f f e r e n t i a l .  I n s e r t i n g  t h e  expe r imen ta l ly  
obta ined  values  of a i r  f low r a t e  ( N 400 CFM), a t  a n  Airmat p re s su re  of  
735 mm o f  Hg and a tempera ture  o f  71°F i n t o  t h e  mass f low r a t e  equa t ion  f o r  
less than  son ic  v e l o c i t y  a t  t he  porous s u r f a c e ,  y i e l d s  a p o r o s i t y  of less 
t h a n  1 percent .  
i n d i c a t e d  t h a t  a p o r o s i t y  of 1 percen t  should  be expec ted .  

T h i s  confirmed t h e  specimen p o r o s i t y  e v a l u a t i o n  t e s t s  which 

B .  SUBSCALE MODEL TESTING 

The s u b s c a l e  model nozz le  e x t e n s i o n  t e s t i n g  was conducted a t  t h e  NASA, 
George C .  Marshal l  Space F l i g h t  Cen te r ,  f a c i l i t y  a t  H u n t s v i l l e ,  Alabama. 
Seve ra l  c o l d  flow tests were performed t o  e v a l u a t e  t h e  nozz le  p o r o s i t y  and 
t o  check f o r  any leakage.  
t e s t s  wi th  the  nozz le  i n s t a l l e d  on a 4-K Rocket Engine t e s t  f a c i l i t y .  These 
t e s t s  were conducted a t  coo lan t  f low r a t e s  va ry ing  from 0.53 l b s / s e c  t o  
0.17 
823 p s i a  t o  1000 p s i a .  These t e s t s  have shown f e a s i b i l i t y  of t h e  nozz le  
t r a n s p i r a t i o n  c o o l i n g  concept .  

The major t e s t  program c o n s i s t e d  of t e n  h o t - f i r i n g  

l b s / s e c  wi th  t h e  engine  o p e r a t i n g  a t  chamber p r e s s u r e s  ranging  from 

The t e s t  s e t u p  i s  shown i n  F i g u r e  3 4 .  
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F i g u r e  3 4 .  

1. F i r s t  T e s t  S e r i e s  

Upon r ece ip t  of t h e  si 

NASA 4-K Engine T e s t  Se tup  

b s c a l e  t e s t  model from GAC, NASA i n s t a l l e d  i t  on 
t h e  4-K engine  t e s t  f a c i l i t y .  Cold f low tes t s  were f i r s t  conducted t o  v e r i f y  
t h e  Airmat i n n e r  w a l l  p o r o s i t y , a n d  second t o  check the  t e s t  s e t u p  f o r  leakage.  
These t es t s  confirmed t h a t  t h e  i n n e r  w a l l  p o r o s i t y  was approximately one p e r -  
c e n t  and t h a t  t h e  t es t  model was acceptab le  f o r  h o t - f i r i n g  t e s t s .  

The f i r s t  t es t  was conducted on 30 A p r i l  1970 w i t h  c o o l a n t  f low r a t e s  
l a r g e r  t h a n  a v a i l a b l e  on t h e  J-2s Rocket Engine.  The nozz le  e x t e n s i o n  w a l l  
p r e s s u r e  was e s t a b l i s h e d  a t  20 p s i a  u s i n g  n i t r o g e n  a s  t h e  c o o l a n t  gas .  The 
4-K e n g i n e  was s t a r t e d  and t h e  coolan t  switched t o  hydrogen. Measurements 
of Airmat p r e s s u r e ,  Airmat i n s i d e  face tempera ture ,  Airmat o u t s i d e  f a c e  
t e m p e r a t u r e ,  c o o l a n t  supply tempera ture ,  and c o o l a n t  f low r a t e  were recorded.  

The t es t  d a t a  shows t h a t  t h e  A i m a t  p r e s s u r e  s t a b i l i z e d  a t  approximately 
The maximum i n s i d e  w a l l  temperature  was 107"F, t h e  o u t s i d e  w a l l  18 p s i a .  

t empera ture  was approximately 80"F,  t h e  c o o l a n t  f low r a t e  was approximately 
0.53 l b s  p e r  second,  and t h e  coolan t  i n  tempera ture  was approximately 80°F. 
T h i s  d a t a  agreed we l l  w i t h  pred ic ted  v a l u e s .  

The second h o t  f i r i n g  t e s t  was conducted on 1 May 1970. For t h i s  t e s t  
t h e  c o o l a n t  f low r a t e  was e s t a b l i s h e d  a t  0.25 l b s  p e r  second. This  s e t t i n g ,  
by p r e d i c t i o n ,  would r e s u l t  i n  an  e x t e n s i o n  Airmat p r e s s u r e  of 10 p s i a .  The 
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d u r a t i o n  of t h i s  t e s t  was 45 seconds.  The tes t  d a t a  appeared t o  be s a t i s -  
f a c t o r y  except  t h a t  a h i g h e r  i n n e r  w a l l  t empera ture  t h a n  expec ted  r e s u l t e d .  

A t  t h e  conclus ion  o f  t h e  second t e s t  f i r i n g ,  it was found t h a t  an  i n n e r  
w a l l  burn-through had occurred .  
edge of t h e  i n n e r  a t tachment  r i n g .  
was t h e  cause  of  t h e  h i g h e r  i nne r -wa l l  t empera ture  measurements. A s  a r e s u l t ,  
t h e  t e s t  model was r e tu rned  t o  GAC f o r  rework. 

The a r e a  a f f e c t e d  was a d j a c e n t  t o  t h e  a f t  
It was concluded t h a t  t h i s  burn-through 

2 .  T e s t  Model Rework 

Examination of t h e  t e s t  nozz le ,  a f t e r  t h e  second t e s t  d i scussed  above, 
showed t h a t  a h o t  s p o t  had r e s u l t e d  a long  t h e  a f t  edge of t h e  i n n e r  a t tachment  
r i n g .  
t h i s  r i n g  was i n i t i a t e d .  F i g u r e  35 shows t h e  o r i g i n a l  d e s i g n  a long  wi th  t h e  
new des ign .  

A redes ign  of t h e  a t tachment  r i n g  and t h e  a t tachment  of t h e  Airmat t o  

B a s i c a l l y  t h e  meta l  r i n g  was extended a f t  by a d d i t i o n  of a n  a d a p t e r  r i n g .  
The me ta l  r i n g  was a l s o  reduced i n  t h i c k n e s s .  The Airmat was a t t a c h e d  on t h e  
o u t s i d e  o f  t he  a d a p t e r  r i n g  r a t h e r  t h a n  on t h e  i n s i d e  of t h e  me ta l  r i n g  on t h e  
o r i g i n a l  design.  Coolant h o l e s  were a l s o  provided i n  bo th  t h e  me ta l  r i n g  and 
i n  t h e  adap te r  r i n g .  The n e t  i n t e n t  of t he  s e v e r a l  d e t a i l  d e s i g n  changes was 
t o  reduce t h e  tempera ture  of t h e  nozz le  i n n e r  f a c e  a t  t h e  forward at tachment  
a r e a .  

The t e s t  nozz le  was reworked acco rd ing ly .  Subsequent ly ,  a p r e s s u r e  t e s t  of 
t h e  t e s t  nozzle was conducted. Th i s  t e s t  was conducted t o  check t h e  smoothness 

O r i g i n a l  Attachment Revised Attachment 

Figure  35. Tes t  Model Rework D e t a i l s  
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of  t h e  t e s t  nozz le  Airmat i n n e r  s u r f a c e .  During t h e  t e s t ,  a n  adjustment  of 
t h e  o u t e r  Airmat w a l l  l o n g i t u d i n a l  t e n s i o n  was conducted by va ry ing  t h e  shims 
between t h e  upper a t tachment  r i n g  and t h e  d i f f u s e r  bulkhead.  By lengthening  
t h e  o u t e r  w a l l ,  t e n s i o n  i n  t h e  inne r  w a l l  was inc reased .  A t  t h e  conc lus ion  
of t h i s  t e s t ,  t h e  c o r n e r  w a l l  was smooth and wi thout  wr ink le s  o r  d i s c o n t i n u -  
i t i e s .  

I n  o r d e r  t o  p r e s s u r i z e  t h e  tes t  model i n  t h e  above t e s t ,  t h e  porous 
i n n e r  w a l l  was f i r s t  coa ted  wi th  PVA. 
i s  w a t e r  s o l u b l e .  A t  t h e  conclus ion  o f  t h e  above tes t s  t h e  PVA was removed 
wi th  h o t  wa te r  and the  t e s t  model was r e tu rned  t o  NASA f o r  f u r t h e r  h o t -  
f i r i n g  tes t s .  

Th i s  s e a l e r  c o a t  of  po ly -v iny l - a l coho l  

Upon receipt  of t h e  nozz le  ex tens ion ,  NASA performed a cold-f low t e s t  
t o  rede termine  t h e  p o r o s i t y  o f  t h e  Airmat i n n e r  w a l l  and t o  de te rmine  t h e  
e f f e c t  on coo lan t  f low r a t e  caused by t h e  a d d i t i o n  of t h e  c o o l i n g  h o l e s  i n  
t h e  lower a t tachment  r i n g  and adapter .  Upon ana lyz ing  t h e  flow t e s t  d a t a ,  
i t  was found t h a t  t h e  p o r o s i t y  was approximately 0.25 pe rcen t  i n s t e a d  of t h e  
o r i g i n a l  1.00 pe rcen t .  The re fo re ,  it was apparent  t h a t  complete removal of 
t h e  PVA s e a l e r  c o a t  had n o t  been accomplished and t h i s  c o a t i n g  r e s i d u e  w a s  
r educ ing  t h e  i n n e r  w a l l  p o r o s i t y .  

A s  a r e s u l t ,  a s team l i n e  w a s  connected t o  t h e  nozz le  e x t e n s i o n  and t h e  
s team allowed t o  flow through t h e  ex tens ion  w a l l  f o r  s e v e r a l  hours .  A second 
f low t e s t  was then  conducted. The r e s u l t a n t  p o r o s i t y  c a l c u l a t i o n s  showed t h e  
p o r o s i t y  t o  be 0.75 pe rcen t .  Th i s  i n d i c a t e d  t h a t  t h e  PVA had been e s s e n t i a l l y  
removed and t h a t  h o t  f i r e  t e s t i n g  could proceed. 

During t h e  s teaming o p e r a t i o n ,  t h e  e x t e n s i o n  was i n a d v e r t e n t l y  over- 
p r e s s u r i z e d  and a l o c a l  f a i l u r e  i n  one o f  t he  Airmat gore  j o i n t s  occur red .  
T h i s  was r e p a i r e d  us ing  a woven s t a i n l e s s  s t ee l  pa tch  which was bonded t o  
t h e  Airmat  o u t e r  w a l l  u s ing  S i l a s t i c  No. 140 cement. 

3 .  Second Test S e r i e s  

Seven a d d i t i o n a l  h o t  f i r i n g  t e s t s  were conducted. The t o t a l  t e s t  t ime 
f o r  a l l n i n e h o t - f i r e  t e s t s  was 253 seconds.  The t e s t  v a r i a b l e s  were c o o l a n t  
f low r a t e  coo lan t  temperature  and chamber p re s su re .  The nozz le  ex tens ion  
performed s a t i s f a c t o r i l y  d u r i n g  t h i s  t e s t  ser ies  and was i n  good c o n d i t i o n  
a t  t h e  complet ion of t h e  t e s t s .  

T a b l e X I I I  p re sen t s  t h e  complete d a t a  measured du r ing  t h e  t e s t i n g .  
F i g u r e  36 shows t h e  l o c a t i o n  of the in s t rumen ta t ion .  

C. ANALYSIS OF TEST RESULTS 

The t e s t  r e s u l t s  from Table  X I 1 1  were p l o t t e d  on t h e  p red ic t ed  da ta  curves  
of c o o l a n t  f low r a t e  vs tempera ture  and mass v e l o c i t y  vs Airmat p re s su re  t o  
a s s e s s  t h e  e f f e c t i v e n e s s  and f e a s i b i l i t y  of t h e  t r a n s p i r a t i o n  c o o l i n g  concept .  
S ince  s i x  tempera ture  readings  were t a k e n  f o r  each t e s t ,  t h e  d a t a  was p l o t t e d  
a s  a sp read  between t h e  h i g h e s t  and lowest  tempera ture  recorded  d u r i n g  each  
run.  See Subsec t ion  I V - E  o f  t h i s  r epor t  f o r  t h e  thermal  and f low a n a l y s i s .  
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I T - Inside Wall T e m p .  
P = A i r m a t  P r e s s u r e  

BT = O u t s i d e  Wall Temp.  

Figure 3 6 .  Tes t  Model Ins t rumen ta t ion  

F igu res  2 7  and 28 a r e  p l o t s  of  t h e  p r e d i c t e d  i n n e r  w a l l  t empera ture  
ve r sus  t h e  coo lan t  f low r a t e  a t  va r ious  c o o l a n t  i n l e t  t empera tures  w i t h  d a t a  
p o i n t s  p l o t t e d  on the  graph.  These d a t a  show t h a t  t h e  nozz le  e x t e n s i o n  p e r -  
formed a s  pred ic ted  w i t h i n  reasonable  l i m i t s  of c a l c u l a t i o n  and d a t a  measure- 
me  n t  accuracy  . 

Figures  24 and 25 a r e  p l o t s  of t h e  p red ic t ed  mass v e l o c i t y  ve r sus  
Airmat w a l l  p re s su res  f o r  va r iqus  Airmat w a l l  p o r o s i t i e s  w i th  t h e  d a t a  p o i n t s  
p l o t t e d  on t h e  graphs.  These d a t a  point-up s e v e r a l  conc lus ions  which a r e :  

(1)  The nominal i n n e r  w a l l  p o r o s i t y  was very c l o s e  t o  t h e  1.0 pe rcen t  
po ros i ty  a s  f a b r i c a t e d .  

(2) That a t  Airmat w a l l  p r e s s u r e s  between 10 and 15 p s i a ,  t h e  pre- 
d i c t e d  J - 2 s  engine a v a i l a b l e  t u r b i n e  exhaus t  f low would e f f e c t i v e l y  
p r e s s u r i z e  and c o o l  t h e  nozz le  e x t e n s i o n .  

( 3 )  The p red ic t ed  p res su res  f o r  t he  v a r i o u s  mass v e l o c i t i e s  were 
i n  good agreement wi th  t h e  a c t u a l  d a t a .  

( 4 )  From t h e  p l o t t e d  t e s t  d a t a ,  i t  appea r s  t h a t  a s  t h e  Airmat w a l l  
p re s su res  i n c r e a s e  t h e  w a l l  p o r o s i t y  i n c r e a s e s .  This  can be 
expla ined  by t h e  f a c t  t h a t  a s  t h e  p r e s s u r e  i n c r e a s e s ,  t h e  r e l a t i v e  
r e l a t i o n  between yarns  i n  t h e  Airmat changes due t o  s h i f t i n g  of t h e  
i n d i v i d u a l  ya rns .  

From t h e  t e s t s  performed, i t  was concluded t h a t  t h e  t r a n s p i r a t i o n  cooled 
nozz le  ex tens ion  i s  h i g h l y  f e a s i b l e  and t h a t  i t ’ s  o p e r a t i o n  can be p r e d i c t e d .  
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SECTION V I  

SUPPLEMENTAL TASKS 

A .  GENERAL 

The program p lan  inc luded  fou r  supplemental  t a s k s  which were d i r e c t e d  to  
suppor t  t h e  d e s i g n  and t h e  f a b r i c a t i o n  of t h e  nbzz le  ex tens ions .  I n  

g e n e r a l  t h e s e  t a s k s  were conducted and r e p o r t e d  a s  i n d i v i d u a l  items. A 
summary of each t a s k  is  presented  i n  t h i s  r e p o r t  f o r  i n fo rma t ion  purposes .  
For  d e t a i l  i n fo rma t ion  t h e  a p p l i c a b l e  d e t a i l  t a s k  r e p o r t s  can be  consu l t ed .  

The f o u r  Tasks and t h e i r  a p p l i c a b l e  Goodyear Engineer ing  Repor ts  a r e  
as  fo l lows :  

Task b - Coating I n v e s t i g a t i o n ,  Reference 7 

Task c - Design Refinement I n v e s t i g a t i o n s ,  Reference 8 

Task d - Heat T r a n s f e r  I n v e s t i g a t i o n ,  Reference 9 

Task g - Gas Genera tor  I n v e s t i g a t i o n ,  Reference 10 

B. COATING INVESTIGATION 

The Task b Coat ing I n v e s t i g a t i o n  was performed t o  determine t h e  b e s t  
e l a s t o m e r i c  c o a t i n g  m a t e r i a l  a v a i l a b l e  f o r  s e a l i n g  of  t h e  o u t e r  s u r f a c e  of 
t h e  e x t e n d a b l e  nozz le s .  

A s u r v e y  of cand ida te  c o a t i n g  m a t e r i a l s  was f i r s t  conducted.  The candi -  
d a t e  m a t e r i a l s  were eva lua ted  f o r  t h e i r  a p p l i c a t i o n  c h a r a c t e r i s t i c s  and f o r  
t h e i r  a b i l i t y  t o  s e a l  t h e  nozz le  under a p p l i c a b l e  envi ronmenta l  c o n d i t i o n s .  
The su rvey  recommended two m a t e r i a l s  a s  t h e  most promising. They were DOW 
Corning s i l i c o n e  m a t e r i a l s  S-2288 and 92-009. 

An e v a l u a t i o n  of t h e  c o a t i n g  a p p l i c a t i o n  c h a r a c t e r i s t i c s  of  each m a t e r i a l  
was n e x t  conducted fol lowed by a test  e v a l u a t i o n  of t h e  two m a t e r i a l s .  

The c o a t i n g  procedures  r e q u i r e d  f o r  t h e  a p p l i c a t i o n  of  e i t h e r  m a t e r i a l  

The main d i f f e r e n c e  i n  t h e  coa t ing  procedures  of t h e  two m a t e r i a l s  i s  
were found t o  b e  p r a c t i c a l  and a r e  considered t o  be s t anda rd  procedures  a t  
GAC. 
t h a t  t h e  S-2288 e la s tomer  r e q u i r e s  a n  oven c u r e ,  wh i l e  t h e  92-009 m a t e r i a l  
c u r e s  a t  room tempera ture .  Thus,  t h e  c u r i n g  procedures  of t h e  92-009 m a t e r i a l  
a r e  less complex t h a n  f o r  t h e  S-2288 m a t e r i a l .  

The t e s t  e v a l u a t i o n  inc luded  p res su re  t es t s  a t  ambient , e l e v a t e d ,  and 
c o l d  t empera tu res .  E leva ted  temperature  c y c l i n g  t e s t s ,  a s  w e l l  a s  e l e v a t e d  
tempera ture  p re s su re  t e s t s  a f t e r  co ld  tempera ture  f l e x i n g  of t h e  t e s t  specimens,  
were a l s o  conducted. 
i n  f a i l u r e  of t h e  Airmat m a t e r i a l  r a t h e r  t han  the  c o a t i n g  m a t e r i a l .  Thus f o r  
t h e s e  c o n d i t i o n s , t h e  c o a t i n g  i s  n o t  the c r i t i c a l  m a t e r i a l .  The t h r e e  t e s t  
c o n d i t i o n s  invo lv ing  e l e v a t e d  tempera tures ,  i n  g e n e r a l ,  showed t h a t  t h e  c o a t i n g  
becomes t h e  c r i t i c a l  m a t e r i a l  a t  t empera tures  of 500°F and above. 

The ambient and co ld  tempera ture  p re s su re  t es t s  r e s u l t e d  
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The t y p e  of c o a t i n g  d e t e r i o r a t i o n  a t  e l e v a t e d  t e m p e r a t u r e  was q u i t e  
d i f f e r e n t  f o r  t h e  two e l a s t o m e r s .  The S - 2 2 8 8  e l a s t o m e r  t e n d s  t o  c r a z e  u n t i l  
c r a c k s  o r  l e a k s  r e s u l t .  A f t e r  c o o l i n g  t l i e  t e s t  spec imens  t o  a m b i e n t  t empera -  
t u r e ,  t h e  c o a t i n g  becomes b r i t t l e  and  l i g h t  f l e x i n g  w i l l  p roduce  many more 
c r a c k s .  The 92 -009  m a t e r i a l  tend.: t o  b l i s t e r  and  f l a k e  g f f  i n  la7:ers l e s v i n n  6 

a p o r t i o n  of  t h e  c o a t i n g  on t h e  Airmat  m a t e r i a l .  A f t e r  c n o l i n g , t h e  m a t e r i a l  
r ema ins  f l e x i b l e  a l t h o u g h  p o r t i o n  n f  t h e  r e m a i n i n g  m a t e r i . 1  r a n  h e  re~ .c~ . i ec !  
by s c r a p i n g .  A n a l y s i s  o f  t h e  t e s t  r e s u l t s  a l o n g  w i t h  i n s p e c t i o n  of  t h e  t e s t e d  
s p e c i m e n s  i n d i c a t e s  t h a t  a t  t e m p e r a t u r e s  o v e r  500°F d e t e r i o r a t i o n  of t h e  
c o a t i n g s  may o c c u r .  The s e v e r i t y  of  t h e  r e s u l t a n t  l e a k a g e  depends  upon t h e  
t e s t  c o n d i t i o n .  I n  one t e s t  c o n d i t i o n  l e a k a g e  was n o t  e v i d e n t  a t  700'F.  
t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  9 2 - 0 0 9  c o a t i n g  m a t e r i a l ,  in g e n e r a l ,  i s  m-nre 
r e l i a b l e  t h a n  t h e  S - 2 2 8 8  c o a t i n g  m a t e r i a l  a t  t e m p e r a t u r e s  h i g h e r  t h a n  500°F .  

The 

The 92-009 c o a t i n g  m a t e r i a l  h a s  been  shown t o  be  e a s i e r  t o  a p p l y  and 
Con- a p p e a r s  t o  p e r f o r m  more r e l i a b l y  a t  t e m p e r a t u r e s  h i g h e r  t h a n  500'F. 

s e q u e n t l y  i t  was recomrended a s  t h e  b e s t  a v a i l a b l e  c o a t i n g  m a t e r i , a l  f o r  t h e  
n o z z l e  e x t e n s i o n  a p p l i c a t i o n .  

'I'his t a s k  is r e p o r t e d  i n  detail in R e f e r e n c e  7 .  

C .  D E S I G N  REFINEMENT INVESTIGATION 

- 7  m 1 - .  - r .  , -  . .  . .  1 . 1 ,  r - 7  

i i i r  i d s n  c uebig i l  n e L L i l r i l ! e l ! L  L L I V ~ L ' L I ~ : ~ L ~ V L I  w d s  L L ' L I C I ' ~ I C  c c u  L L ~  L U L L ) '  

e v a l t i a t e  t h e  s t r t i c t u r a 1  c h a r a c t e r i s t i c s  o f  a n o z z l e  e x t e n s i o n .  The a n a l y s i s  
i;as a p p l i e d  t o  t h e  J-'2s e x t e n d a b l e  r iozz le .  I L I c  nc?zz?e e x t e n s i o n  c o n s i d e r e d  had  
a n  e x p a n s i o n  r a t i c  3f  40 t o  1 a t  i t s  fo rward  end and 73 .6  t o  1 a t  i t s  a f t  e n d .  

rpL - 

The l o a d  a n a l y s i s ,  t h e  s t a b i l i t y  a n a l y s i s ,  and t h e  s t r e s s  a n a l y s i s  o f  
t h e  n o z z l e  e x t e n s i o n  a r e  p r e s e n t e d .  Loads and s t r e s s e s  i n  t h e  A i r m a t  a r e  
c a u s e d  by t h e  p r e s s u r e  of  t h e  n o z 7 l e  e x h a u s t  g a s e s  and  by t h e  i n t e r n a l  p r e s s u r e  
in GL. Li le  Airimt. The L n t e i - z j l  p r e s s u r e  i;i th; A i i m z t  r ~ s t  b e  s u f f < c i e n t  t o  e n s u r e  
Lilat t h e  r e s u l t a n t  s t r e s s e s  a re  Leiision s t r e s s e s  r a t h e r  t h a n  c o m p r e s s i a n  s t r e s s e s  
f o r  t h e  s t a b i l i t y  c r i t e r i a .  The s t r e s s e s  r e s u l t i n g  must T : > L  exceed  t h e  s t r e n g t h  
p r o p e r t i e s  o f  t h e  Airmat: m a t e r i a l .  

L L  

I n v e s t i g a t i o n s  were a l s o  conduc ted  o n  a n a l y s i s  r e f i n e m e n t s .  These  
i n c i u d e d  an a n a l y s i s  t o  d e t e r m i n e  t h e  e t  i e c t  of  d i f f e r e n t i a l  t e m p e r a t u r e s  
on t h e  s t r e s s  d i s t r i b u t i o n  i n  t h e  A i r m a t .  O r t h o t r o p i c  t h e o r i e s  were  also 
i n v e s t i g a t e d  3s t h e  Ai rma t  h a s  d i f f e r e n l -  a x i a l  and c i r c u m f e r e n t i a l  p r o p e r t i e s .  

A s t u d y  was a l s o  c o n d u c t e d  t o  inves t i ; ; a t e  methods  and t o  p r e d i c t  t h e  
n a t u r a l  f r e q u e n c i e s  and modes o f  v i b r a t i o n  o f  t h e  J-2s e x t e n d a b l e  n o z z l e .  

Two s p e c i a l  a n a l y s e s  were  a l s o  conJuLted .  The f i r s t  i n v e s c i g 3 t i p n  
i n v o l v e d  d e t e r m i n a t i o n  of t h e  deployment  l o a d s  t h a t  migh t  b e  e n c o u n t e r e d  i n  
d e p l o y i n g  t h e  n o z z l e  e x t e n s i o n .  
e x t e n s i o n  f o r  ;i o n e - s i d e d  s i n e  l o a d  d i s t r i b u t i o n .  

The TeriyIid ; n v e s t i g a t i o n  a n a l y - o d  t h e  noi .z le  

The most  s i g n i f i c a n t  r e s u l t s  o f  t h i s  d 2 s i g n  r e f i n e m e n t  t a s k  a r e  su-iimarized 
be low.  T h i s  t a s k  i s  r e p o r t e d  i n  d e t a i l  i n  GEE-LLtYi3 ,  K e f e r e n c e  8 .  

( 1 )  The t o t a l  t h r u s t  l o a d  on tb-i? J - 2 S ,  7 3 . 6  t o  1 expanq ion  r a t i o ,  
n o z z l e  e x t e n s i o r !  i s  c a l c u l a t e d  t o  be 6 7 1 6  pounds .  
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( 2 )  The Airmat i n t e r n a l  pressure  requirement  f o r  t h i s  nozzle  
e x t e n s i o n  i s  10 p s i .  T h i s  i n c l u d e s  a 1 . 5  s a f e t y  f a c t o r .  

( 3 )  The Airmat s t r e s s e s  were c a l c u l a t e d  u s i n g  a minimum Airmat 
p r e s s u r e  of 10 p s i  and a maximum Airmat p r e s s u r e  of 20 p s i .  

( 4 )  For  a 20 p s i  i n f l a t i o n  p r e s s u r e ,  t h e  a x i a l  s t resses  i n  each 
s u r f a c e  a r e  approximately 40 pounds p e r  i n c h .  The circum- 
f e r e n t i a l  s t r e s s e s  a r e  103 pounds per  i n c h  on t h e  i n s i d e  
s u r f a c e  and 93.5 pounds p e r  i n c h  on the  o u t s i d e  s u r f a c e  when 
t h e  Airmat i s  pressur ized  t o  20 p s i  and a l s o  s u b j e c t e d  t o  
nozz le  gas  p r e s s u r e .  

(5) The a x i a l  s t r e n g t h  o f  t h e  Airmat f a c e s  a r e  260 pounds pe r  
i n c h  and t h e  c i r c u m f e r e n t i a l  s t r e n g t h  i s  731 pounds p e r  i nch .  
The s t r e n g t h  a c r o s s  t h e  welds i s  148 pounds p e r  inch  i n  t h e  
a x i a l  d i r e c t i o n  and 312 pounds p e r  inch  i n  t h e  c i r c u m f e r e n t i a l  
d i r e c t i o n .  

( 6 )  The a x i a l  and c i r c u m f e r e n t i a l  i n f l a t i o n  s t r e s s e s  i n  t h e  Airmat 
a r e  j u s t  a l i t t l e  d i f f e r e n t  from ph/2 where p e q u a l s  p r e s s u r e  
and h e q u a l s  Airmat depth.  O r t h o t r o p i c  p r o p e r t i e s  and drop  
ya rn  ex tens ions  do n o t  a f f e c t  t h e  f a b r i c  s t r e s s e s  a p p r e c i a b l y .  

( 7 )  I f  t h e  i n s i d e  s u r f a c e  temperature  i s  700°F and t h e  o u t s i d e  
s u r f a c e  tempera ture  i s  600"F, t h e  c i r c u m f e r e n t i a l  s t r e s ses  
become 1 2 7  pounds per  inch on t h e  o u t s i d e  s u r f a c e  and 70 
pounds p e r  inch  on t h e  i n s i d e  s u r f a c e .  

(8) A one-sided s i n e - l o a d  d i s t r i b u t i o n  w i l l  n o t  cause  a x i a l  
buckl ing  u n l e s s  t h e  peak p r e s s u r e  i s  g r e a t e r  t h a n  2 p s i .  
The beam bending d e f l e c t i o n  may be almost  s i x  inches  u n l e s s  
s h e a r  s t i f f n e s s  i s  d e r i v e d  from t h e  Airmat m a t e r i a l .  Some 
out-of-round buckl ing  w i l l  occur  i n  t h e  a f t  p o r t i o n  u n l e s s  
t h e  p r e s s u r e  i s  r a i s e d  t o  2 7  p s i .  

( 9 )  A dynanic  model was used t o  s i r n i l a t e  deployment of  t h e  nozzle  
e x t e n s i o n .  I f  t h e  nozzle e x t e n s i o n  i s  deployed i n  two seconds ,  
t h e  a x i a l  deployment load on t h e  e x i s t i n g  nozz le  w i l l  be 
7500 pounds. I f  deployment i s  accomplished i n  l e s s  t h a n  two 
seconds , the  deployment load w i l l  be  h i g h e r .  

(10) S e v e r a l  approaches o r  methods of p r e d i c t i n g  t h e  n a t u r a l  
f requency o f  t h e  J-2s nozzle ex tens ion  were reviewed. 
Publ i shed  approaches t o  nozz le  dynamic a n a l y s i s ,  t e s t  model 
da t a ,  and GAC exper iences  i n  t h e  dynamic a n a l y s i s  of s i m i l a r  
s t r u c t u r e s  were cons idered .  I t  was concluded t h a t  t h e  most 
p r a c t i c a l  approach would be t o  o b t a i n  dynamic d a t a  from 
t e s t s  o f  s c a l e  models and t o  s c a l e  t h e  r e s u l t s  up t o  o b t a i n  
p r e d i c t e d  va lues  f o r  f u l l - s c a l e  n o z z l e s .  
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D. HEAT TRANSFER INVESTIGATION 

The Task d Heat T r a n s f e r  I n v e s t i g a t i o n  was conducted t o  e v a l u a t e  t h e  
b a s i c  nozz le  e x t e n s i o n  m a t e r i a l  h e a t  t r a n s f e r  c o e f f i c i e n t .  

The t r a n s p i r a t i o n  c o o l i n g  concept used i n  t h e  d e s i g n  of t h e  ex tendab le  
nozz le s  invo lves  a nozz le  f a b r i c a t e d  of Airmat m a t e r i a l .  T h i s  m a t e r i a l  i s  
woven from m u l t i f i l a m e n t  s t a i n l e s s  steel ya rns .  The o u t e r  s u r f a c e  of  t h e  
Airmat i s  coa ted  w i t h  a s i l i c o n e  e l a s tomer .  The i n n e r  s u r f a c e  of t h e  A i r m a t  
i s  woven t o  a c o n t r o l l e d  p o r o s i t y ,  approximate ly  one p e r c e n t .  The r o c k e t  
engine  t u r b i n e  exhaus t  gases  are used t o  p r e s s u r i z e  t h e  Airmat nozz le  
e x t e n s i o n .  A s  t h e s e  gases  e scape  through t h e  porous i n n e r  wal1 , they  c o o l  
t h e  i n n e r  wal l  m a t e r i a l  which i s  exposed t o  t h e  h o t  engine  gases .  

Two h e a t  t r a n s f e r  mechanisms a r e  involved i n  t h e  t r a n s p i r a t i o n  c o o l i n g  
p rocess  through which h e a t  energy i s  t r a n s f e r r e d .  The c o o l a n t  gas  abso rbs  
h e a t  energy  from t h e  f a c e  c l o t h  material, as it passes  through t h i s  m a t e r i a l ,  
because  of t h e  tempera ture  d i f f e r e n t i a l  between t h e  c o o l a n t  gas and t h e  f a c e  
c l o t h  material. Secondly, t h e  coolant  gas  i s  i n j e c t e d  i n t o  t h e  boundary 
l a y e r  of t h e  h o t  rocke t  exhaus t  gas f lowing  p a r a l l e l  t o  t h e  f a c e  c l o t h .  The 
c o o l a n t  gas t r a n s p i r i n g  i n t o  t h i s  boundary l a y e r  t he reby  d e c r e a s e s  t h e  
p o t e n t i a l  of the  h o t  exhaus t  gas  boundary l a y e r  t o  t r a n s f e r  h e a t  energy  i n t o  
t h e  f a c e  c l o t h .  

T h i s  i n v e s t i g a t i o n  concerns  only t h e  f i r s t  h e a t  t r a n s f e r  mechanism, t o  
e v a l u a t e  the  amount of h e a t  energy  t r a n s f e r r e d  du r ing  t h e  passage o f  t h e  
c o o l a n t  gas through t h e  f a c e  c l o t h  m a t e r i a l .  The i n v e s t i g a t i o n  involved  a 
t es t  program followed by an e v a l u a t i o n  of t h e  tes t  d a t a .  

A p re l imina ry  t e s t  procedure o u t l i n e ,  u s i n g  e l e c t r i c a l  energy  t o  h e a t  t h e  
t es t  specimens,  and an a l t e r n a t e  tes t  procedure o u t l i n e ,  u s i n g  r a d i a n t  energy 
q u a r t z  lamps t o  h e a t  t h e  test  specimen, were both  prepared  by GAC and submi t ted  
t o  the  Marsha l l  Space F l i g h t  Cen te r ,  H u n t s v i l l e ,  Alabama. NASA s e l e c t e d  t h e  
test  procedure  u s i n g  e lec t r ica l  energy f o r  h e a t i n g  and prepared  a f i n a l  t e s t  
o u t l i n e .  GAC prepared  t h e  t e s t  specimens. The t e s t i n g  program was conducted 
a t  NASA and t h e  tes t  d a t a  was reported by NASA, GAC performed the a n a l y s i s  of 
t h e  t es t  r e s u l t s  and prepared  t h e  f i n a l  t es t  r e p o r t .  

It  was concluded, f o r  t h e  range of c o n d i t i o n s  covered by t h e  tests,  t h a t  

Thus t h e  c o o l a n t  gas  tempera- 
t h e  t empera tu re  of t h e  gas  a f t e r  pass ing  through t h e  hea ted  f a c e  c l o t h  was 
e q u a l  t o  t h e  r e s u l t a n t  f a c e  c l o t h  temperature.  
t u r e s  and t h e  f a c e  c l o t h  tempera tures  e q u a l i z e d .  

A comparison of t es t  d a t a  w i t h  publ i shed  h e a t  t r a n s f e r  c o e f f i c i e n t  d a t a  
f o r  f l o w  normal t o  a c y l i n d e r  i s  also p resen ted .  

T h i s  t a s k  i s  r e p o r t e d  i n  d e t a i l  i n  Reference 9. 

E.  GAS GENERATOR INVESTIGATION 
The Task g Gas Genera tor  I n v e s t i g a t i o n  was conducted t o  su rvey ,  e v a l u a t e  

and recommend a gas  g e n e r a t o r  which could supp ly  p r e s s u r i z e d  gas f o r  r a p i d  
deployment of t h e  ex tendab le  nozz le  under development. T h i s  concept was con- 
s i d e r e d  a back-up t o  t h e  t u r b i n e  exhaust deployment gas supp ly  and could  be 
u t i l i z e d  if t h a t  sou rce  of deployment gas  was determined by t e s t  t o  be inade-  
qua te . 
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A gas g e n e r a t o r  s p e c i f i c a t i o n  was prepared  and used a s  a b a s i s  f o r  
r e q u e s t i n g  p roposa l s  from f i v e  vendors.  Three vendors submi t ted  p roposa l s  
w i th  two vendors  d e c l i n i n g .  Each concept i s  desc r ibed  i n  Reference 10. A 
t r a d e o f f  a n a l y s i s  was conducted showing a comparison and e v a l u a t i o n  of t h e  
concep t s .  One concept  s t a n d s  o u t  a s  t h e  b e s t  system on t h e  b a s i s  of  t h e  
t r a d e o f f  c r i t e r i a .  

T h i s  t a s k  i s  r epor t ed  i n  d e t a i l  i n  Reference  10. 
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SECTION V I 1  

CONICAL AIRMAT WEAVING DEVELOPMENT 

A .  GENERAL 

Airmat m a t e r i a l  c o n s i s t s  of two s imul taneous ly  woven f a c e  c l o t h s  a t t a c h e d  
t o g e t h e r  by a number o f  drop  ya rns .  
ya rns  e x c e p t  t h a t  they  a r e  woven a l t e r n a t e l y  i n  each  f a c e  c l o t h .  The d rop  
ya rns  may be programmed a s  t o  t h e i r  spac ing ,  t h e  frequency of c ross -over  
between f a c e  c l o t h s ,  and t h e i r  l e n g t h  to  ach ieve  d e s i g n  requi rements .  

The drop ya rns  a r e  s i m i l a r  t o  t h e  warp 

O r d i n a r i l y ,  a f l a t  Airmat i s  woven wi th  i d e n t i c a l  f a c e  c l o t h s .  Thus t o  
form a c o n i c a l  s u r f a c e ,  a s  i n  a nozz le  e x t e n s i o n ,  t h e  o u t e r  f a c e  c l o t h  must be 
s l i t  and opened up a t  s e v e r a l  l o c a t i o n s  around t h e  o u t e r  pe r iphe ry  o f  t h e  
nozz le  e x t e n s i o n  t o  a l low f o r  t h e  l a r g e r  c i rcumference  of t h e  o u t e r  f a c e  c l o t h  
i n  r e l a t i o n  t o  t h e  i n n e r  f a c e  c l o t h .  The opened s l i t s  a r e  subsequen t ly  jo ined  
t o g e t h e r  by weld ing  a t ape  a c r o s s  t h e  s l i t s .  T h i s  r e q u i r e s  a c o n s i d e r a b l e  
amount of  welding t i m e  i n  t h e  nozz le  ex tens ion  f a b r i c a t i o n  procedures .  I t  a l s o  
produces a d i s c o n t i n u i t y  i n  t h e  m a t e r i a l  as  t h e  drop ya rns  a r e  absen t  i n  t h e  
opened up a r e a .  

Consequent ly ,  t h e  major  development a r e a  f o r  t h i s  c o n t r a c t  involved  
development of a weaving p rocess  t o  weave c o n i c a l  Airmat.  By weaving t h e  
Airmat a t  a programmed d i f f e r e n t i a l  weaving r a t e ,  bo th  a c r o s s  t h e  loom width 
and between t h e  two f a c e  c l o t h s ,  a t r u e  c o n i c a l  nozz le  could be  formed and 
t a i l o r i n g  a f t e r  weaving would not  b e  r equ i r ed .  I t  was a l s o  d e s i r a b l e  t o  weave 
t h e  c o n i c a l  Airmat so  t h a t  one p i ece  would be s u f f i c i e n t  t o  form a complete 
nozz le  e x t e n s i o n .  

To a c h i e v e  t h e  c a p a b i l i t y  t o  perform c o n i c a l  weaving on t h e  GAC e x p e r i -  
menta l  loom, s e v e r a l  m o d i f i c a t i o n s  o f  the loom were r e q u i r e d .  The major 
change involved  i n c o r p o r a t i o n  o f  t h e  d i f f e r e n t i a l  r a t e  of weaving. To ach ieve  
t h e  c a p a b i l i t y  t o  weave t h e  nozz le  ex tens ion  Airmat i n  one piece r e q u i r e d  a 
r e v e r s a l  of t h e  warp and f i l l  d i r e c t i o n s .  The f l a t  Airmat woven dur ing  t h e  
i n i t i a l  p o r t i o n  of t h i s  program u t i l i z e d  the f i l l  d i r e c t i o n  i n  t h e  loom a s  t h e  
hoop d i r e c t i o n  of  t he  nozz le  e x t e n s i o n .  To ach ieve  a one-piece nozz le  e x t e n s i o n ,  
t h e  warp d i r e c t i o n  i n  t h e  loom must become t h e  hoop d i r e c t i o n  of t h e  nozz le  
ex t e n s  i o n .  

The program p lan  f o r  development of t h e  c o n i c a l  Airmat weaving c a p a b i l i t y  
inc luded  f o u r  s t e p s  a s  fo l lows .  

(1) GAC Exper imenta l  Loom Modif ica t ion  

( 2 )  Loom Setup  

(3) Exper imenta l  Weaving 

( 4 )  P o r o s i t y  T e s t i n g  

The expe r imen ta l  weaving and po ros i ty  t e s t i n g  was performed t o  e v a l u a t e  
t h e  q u a l i t i e s  of t h e  c o n i c a l  Airmat t h a t  cou ld  be woven. Two major c r i t e r i a  
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were t h a t  t h e  f ace  c l o t h  p o r o s i t y  should  be i n  t h e  1.0 p e r c e n t  range and t h e  
d imens iona l  accu racy  of t h e  Airmat should be s u f f i c i e n t  s o  t h a t  a s a t i s f a c t o r i l y  
shaped nozz le  would r e s u l t .  

B.  LOOM MODIFICATION 

T h i s  t a s k  involved m o d i f i c a t i o n  of t h e  GAC Experimental  Loom t o  provide 
a c a p a b i l i t y  t o  perform c o n i c a l  weaving. The mod i f i ca t ions  a r e  subdiv ided  a s  
fo l lows :  

(1) Take-off System 

(2) Let -o f f  System 

(3) Selvage C u t t e r  

( 4 )  Gage Blocks 

(5) Warping Equipment 

1. Take-off  System 

The major  loom m o d i f i c a t i o n  involved t h e  des ign ,  f a b r i c a t i o n ,  and 
i n s t a l l a t i o n ,  o f  a new t ake -o f f  system. The system used f o r  f l a t  Airmat 
weaving advanced a l l  warp ya rns  uniformly.  To perform c o n i c a l  weaving, t h e  
warp y a r n s  must be advanced a t  a d i f f e r e n t i a l  r a t e  a c r o s s  t h e  loom. The t o p  
and bot tom c l o t h s  a l s o  r e q u i r e  a d i f f e r e n t  advancement r a t e .  

To accomplish t h e  c o n i c a l  weaving, t h e  warp ya rns  were advanced by two 
t ape red  p i n  r o l l s  which were i n s t a l l e d  i n  t h e  t ake -o f f  system. One r o l l  
advanced t h e  lower f a c e  c l o t h  and t h e  o t h e r  r o l l  t h e  upper  f a c e  c l o t h .  The 
two p i n  r o l l s  were s i m i l a r  bu t  no t  i d e n t i c a l  i n  d iameter .  T h e i r  d i ame te r s  
were programmed t o  ach ieve  t h e  proper  advancement p e r  r e v o l u t i o n  of  t h e  r o l l s .  

The t ake -o f f  m o d i f i c a t i o n  a l s o  requi red  t h e  des ign ,  f a b r i c a t i o n ,  and 
i n s t a l l a t i o n  of a d r i v e  system f o r  t h e  p i n  r o l l s .  T h i s  system r o t a t e d  t h e  
two p i n  r o l l s  a t  t h e  same r a t e .  The t ake -o f f  system m o d i f i c a t i o n  i s  shown 
i n  F i g u r e  37. 

2 .  L e t - o f f  System 

O r d i n a r i l y , t h e  warp spoo l s  a r e  locked-in on a cont inuous s h a f t  which i s  
geared t o  r o t a t e  and l e t  o f f  y a r n  a programmed amount a s  t h e  weaving p rogres ses .  
T h i s  sys tem advances a l l  warp ya rns  a t  t h e  same r a t e .  To accomplish c o n i c a l  
weaving, a l l  warp yarns  must be  l e t - o f f  a t  d i f f e r e n t  r a t e s .  Thus,  a r edes ign  
of t h e  l e t - o f f  system was r e q u i r e d .  

\ 

The warp s p o o l s  were i n s t a l l e d  on t h e  s h a f t  a s  b e f o r e ;  however, t hey  
were n o t  locked t o  t h e  s h a f t .  The s h a f t  was a l s o  f ixed .  Thus,  t h e  spoo l s  
were f r e e  t o  r o t a t e  i n d i v i d u a l l y  on t h e  s h a f t .  T h e i r  deg ree  of  r o t a t i o n  was 
dependent  on the  t e n s i o n i n g  of t h e  warp wires i n  t h e  loom s e t u p .  To provide 
f o r  a programmed warp t e n s i o n  d u r i n g  weaving, a s e t  of b rakes  was i n s t a l l e d  on 
t h e  loom a p p l i c a b l e  t o  t h e  warp spools .  Each spoo l  had a n  i n d i v i d u a l  brake.  
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Figure  3 7 .  P i n  R o l l  I n s t a l l a t i o n  

The brakes  were a mechanical d e v i c e  i n  which a rubber  pad was i n s t a l l e d  on one 
end o f  a p ivoted  arm. 

a d j u s t i n g  t h e  weights  and t h e i r  l e v e r  arm d i s t a n c e ,  t h e  f r i c t i o n  of t h e  rubber  
pad a g a i n s t  t h e  warp s p o o l  c o u l d  be a d j u s t e d  t o  r e g u l a t e  t h e  warp y a r n  weaving 
t e n s i o n s .  

Weights were added t o  t h e  o t h e r  end of t h e  arm. By 

3 .  Selvage C u t t e r  

During t h e  weaving p r o c e s s ,  the f i l l  yarns  must be c u t  d u r i n g  each y a r n  
i n s e r t i o n .  The i n s t a l l a t i o n  of t h e  p i n  r o l l s  f o r  t h e  new take-of f  system 
r e q u i r e d  t h a t  a new s e l v a g e  c u t t e r  be des igned ,  f a b r i c a t e d  and i n s t a l l e d  i n  
t h e  loom, An automat ic  device  was designed t o  c u t  bo th  f i l l  y a r n s  i d e n t i c a l l y .  
T h i s  device  was f a b r i c a t e d  and i n s t a l l e d  i n  t h e  loom a s  a removable u n i t .  

4 .  Gage Blocks 

I n  o r d e r  t o  hold  t h e  woven m a t e r i a l  c l o s e  t o  t h e  p i n  r o l l s ,  t h i n  m e t a l  
gage b locks  were added t o  t h e  weaving system between t h e  p i n  r o l l s .  
s p a c e r s  a ided  i n  programming t h e  four - inch  Airmat depth .  

These 

5 .  Warping Equipment 

During previous  weaving o p e r a t i o n s ,  warping of t h e  warp s p o o l s  was p e r -  
formed by manually r o t a t i n g  t h e  spools .  
warping q u a l i t y  d e s i r e d .  T h i s  a f f e c t e d  t h e  weaving o p e r a t i o n .  Consequent ly ,  

T h i s  s e t u p  d i d  n o t  r e s u l t  i n  t h e  
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a new warping s e t u p  was designed and t h i s  equipment was f a b r i c a t e d .  The 
equipment was power d r i v e n  and allowed f o r  a uniform s p o o l  r o t a t i o n  du r ing  
warping. A v a r i a b l e  speed d r i v e ,  an a d j u s t a b l e  f a n  reed, and a l e a s i n g  
reed were a l s o  added t o  t h e  s e t u p .  This equipment produced a good q u a l i t y  
warp .  

C. LOOM SETUP 

The loom s e t u p  involved  p r e p a r a t i o n  and i n s t a l l a t i o n  of  t h e  y a r n s  i n  t h e  
loom. T h i s  inc luded  ya rn  procurement,  warping of t h e  warp y a r n s ,  drawing-in 
of t h e  warp y a r n s  i n t o  t h e  loom, and i n s t a l l a t i o n  of t h e  drop y a r n s  i n  t h e  
loom. 

M u l t i f i l a m e n t  Type 304 s t a i n l e s s  s t e e l  y a r n  was purchased from t h e  
Brunswick Corpora t ion .  
c o n d i t i o n .  A l l  yarns  were obta ined  with a t w i s t  of two t u r n s  p e r  inch.  Warp 
ya rns  and drop y a r n s  were 300 f i l a m e n t  ya rn  and t h e  f i l l  ya rns  were 90 f i l a -  
ment yarn.  Each f i l a m e n t  was approximately one-half  m i l  i n  d i ame te r .  

These ya rns  had been multi-drawn and were i n  a hard  

To prevent  f r a y i n g  d u r i n g  the weaving o p e r a t i o n ,  a l l  warp and drop  ya rns  
were g i v e n  a p r o t e c t i v e  c o a t i n g  of a water s o l u b l e  PVA m a t e r i a l .  
was removed a f t e r  weaving. 

Th i s  c o a t i n g  

The warping  o p e r a t i o n  was accomplished u s i n g  t h e  new warping  equipment 
d e s c r i b e d  i n  Sec t ion  VII-B-5.  S i x t y ,  two-inch, s p o o l s  were warped wi th  
168 ya rns  on each spoo l .  

The warp spoo l s  were then i n s t a l l e d  i n  t h e  loom, and each  y a r n ,  10,080 

The drop  y a r n  spoo l s ,  420 i n  number, were i n s t a l l e d  
i n  number, was drawn i n d i v i d u a l l y  through t h e  proper  h a r n e s s  hedd le  and between 
t h e  proper  reed d e n t s .  
on c r e e l s  l oca t ed  a t  t h e  r e a r  of t h e  loom, and t h e  drop ya rns  were drawn i n t o  
t h e  loom s i m i l a r l y  t o  t h e  warp ya rns .  

T e n s i l e  and loop t e n s i l e  s t r e n g t h  t e s t s  were performed on t h e  two types  
The two types  of yarn  a r e  desc r ibed  a s  fo l lows .  of y a r n  procured .  

F i l l  Yarn - Number 22-12/90/2Z Type 304 S t a i n l e s s  S t e e l ,  
No Coat ing  

Warp Yarn - Number 23-12/300/2Z Type 304 S t a i n l e s s  S t e e l ,  
1% PVA Coa t ing  

F i f t e e n  t e n s i l e  and f i f t e e n  loop t e n s i l e  t e s t s  were performed. The 
fo l lowing  average  r e s u l t s  were obtained.  

Number 22 ya rn  = 5.26 pounds u l t i m a t e  t e n s i o n  
1.31% e l o n g a t i o n  a t  f a i l u r e  
4.40 pounds u l t i m a t e  loop t e n s i o n  

Number 23 y a r n  = 11.8 pounds u l t i m a t e  t e n s i o n  
1.20% e longa t ion  a t  f a i l u r e  
5.20 pounds u l t i m a t e  loop t e n s i o n  
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D . EXPERIMENTAL WEAVING 

The b a s i c  exper imenta l  weaving c r i t e r i a  was t o  weave c o n i c a l  Airmat 
w i th  s u f f i c i e n t  d imens iona l  accuracy s o  t h a t  a c o n i c a l  nozz le  e x t e n s i o n  would 
r e s u l t  and t o  weave c o n i c a l  A i r m a t  with an i n t e r f a c e  p o r o s i t y  of one pe rcen t  
o r  less. 

F ive  d i f f e r e n t  expe r imen ta l  panels were woven and eva lua ted  f o r  dimen- 
s i o n a l  accuracy  and f o r  p o r o s i t y .  
expe r imen ta l  pane l  was recommended f o r  weaving of t h e  a c t u a l  nozz le  e x t e n s i o n .  
The P a n e l  5 d imens iona l  checks showed t h a t  a s a t i s f a c t o r y  d imens iona l  weaving 
accu racy  could be achieved. 
p o r o s i t y  of  approximate ly  1.0 percent could  be expec ted .  

The weaving c r i t e r i a  used on t h e  f i f t h  

The Panel 5 p o r o s i t y  e v a l u a t i o n  showed t h a t  a 

The d imens iona l  checks were performed by d i v i d i n g  t h e  Airmat f a c e s  i n t o  
g r i d s .  
y a r n s  i n  t h e  weaving p rocess .  Red ya rns  were added i n  bo th  t h e  warp and f i l l  
d i r e c t i o n s .  A f t e r  removal of t h e  woven panels  from t h e  loom, t h e  g r i d  
dimensions were measured and compared wi th  t h e  c a l c u l a t e d  dimensions r equ i r ed  
t o  form t h e  d e s i r e d  c o n i c a l  s u r f a c e .  

These g r i d s  were s e t u p d u r i n g  weaving by i n s e r t i n g  co lo red  t e x t i l e  

The p o r o s i t y  e v a l u a t i o n  was performed by t e s t i n g  specimens c u t  from t h e  
expe r imen ta l  weaving panels .  
i n  S e c t i o n  V I I - E .  

The t e s t  procedures and tes t  r e s u l t s  a r e  r e p o r t e d  

E 
E 

One p re l imina ry  weaving experiment was f i r s t  conducted t o  a d j u s t  t h e  
t e n s i o n  o f  t h e  warp ya rns .  Approximately t h r e e  f e e t  of double- face  c l o t h  
m a t e r i a l  was woven. Drop ya rns  were not inc luded  i n  t h i s  experiment.  During 
t h e  weaving expe r imen ta t ion ,  t h e  warp t e n s i o n s  a l o n g  each s i d e  of t h e  Airmat 
were inc reased  a s  they were weaving s l a c k  caus ing  a bu i ldup  of t h e  f i l l  a l o n g  
each s i d e .  

The bu i ldup  was a l s o  found t o  be a f u n c t i o n  of t h e  f i l l  y a r n  count .  It 
was found t h a t  when weaving 90 f i i l  ya rns  p e r  i n c h ,  t h e  bu i ldup ,  even wi th  
i n c r e a s e d  warp t e n s i o n s  , was excess ive  f o r  good d imens iona l  c o n t r o l .  Con- 
s e q u e n t l y ,  the  f i l l  count was reduced t o  80 yarns  per inch .  

1. Exper imenta l  Pane l  N o .  1 

Pane l  N o .  1 was woven approximately two f e e t  long. The f i l l  yarn  count 
woven was 80 ya rns  per inch .  Approximately s i x t y  pe rcen t  of t h e  drop  ya rns  
were inco rpora t ed  i n t o  t h i s  weaving experiment.  The s i d e  of t h e  Airmat t h a t  
cor responds  w i t h  the  forward end of t h e  nozz le  e x t e n s i o n  was woven a long  t h e  
l e f t  hand s i d e  of t h e  loom f o r  t h i s  pane l  only.  

The d imens iona l  a c c u r a c y , p a r t i c u l a r l y  a long  t h e  l e f t  hand s i d e  of t h e  
Airmat,was not  cons idered  t o  be s a t i s f a c t o r y .  

The p o r o s i t y  e v a l u a t i o n  of the A i r m a t  showed t h a t  t h e  p o r o s i t y  a long  t h e  
l e f t  hand s i d e  of t h e  Airmat was high and a l s o  u n s a t i s f a c t o r y .  
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2 .  Experimental  Pane l  No. 2 

Pane l  No. 2 was woven approximate ly  two f e e t  long.  The f i l l  ya rn  count  
woven and the drop  yarns  woven were t h e  same a s  f o r  Pane l  No. 1. The p i n  
r o i l s  were reversed  however so  t h a t  t h e  forward end of t h e  ex tendab le  nozz le  
Airmat was woven a long  t h e  r i g h t  hand s i d e  of t h e  loom. 

The e v a l u a t i o n  o f  t h e  f i r s t  pane l  woven had i n d i c a t e d  t h a t  t h e  b e t t e r  
d imens iona l  c o n t r o l  was ob ta ined  on t h e  r igh t -hand  s i d e  o f  t h e  loom. Because 
of t h e  na ture  of t h e  loom, t h e  f i l l  yarns  a r e  cons ide red  t o  be h e l d  t i g h t e r  
d u r i n g  beat-up on t h e  r i g h t  s i d e .  The p i n  r o l l s  were t h e n  r eve r sed  a s  dimen- 
s i o n a l  accuracy a t  t h e  forward end of t h e  nozz le  e x t e n s i o n  Airmat was cons idered  
t o  be the  more c r i t i c a l .  

The b e s t  d imens iona l  accuracy  was ob ta ined  a c r o s s  t h e  c e n t e r  of t h e  
Airmat whi le  bo th  s ides  were weaving s h o r t .  Improvement i n  t h e  d imens iona l  
accuracy  of t h e  r i g h t  s i d e  of t h e  Airmat was noted i n  comparison wi th  t h e  
l e f t  s i d e  o f  t h e  Airmat f o r  Pane l  No. 1. 

The p o r o s i t y  e v a l u a t i o n  of Pane l  No. 2 y i e l d e d  about  t h e  same r e s u l t s  a s  
f o r  Pane l  No. 1. It shou ld  be noted t h a t  t h e  lower p o r o s i t y  va lues  ob ta ined  
a t  t h e  30 and 70 pe rcen t  s t a t i o n  were from specimens t h a t  d i d  n o t  c o n t a i n  
drop ya rns .  

3 .  Experimental  Pane l  No. 3 

Pane l  No. 3 was woven approximat l y  one f o o t  long.  The f i l l  y a r n  count  
was reduced t o  70 y a r n s  p e r  i nch  t o  determine i f  t h i s  would improve t h e  
dimensional  accuracy .  The remainder of t h e  drop  ya rns  were a l s o  i n s t a l l e d  
so  t h a t  drop y a r n s  were woven a c r o s s  t h e  f u l l  Airmat w id th ,  The forward end 
of t h e  nozzle  e x t e n s i o n  Airmat was woven a long  t h e  r i g h t  hand s i d e  of  t h e  loom. 

The dimensional  accuracy  of t h e  o u t e r  Airmat f a c e  c l o t h  f o r  t h i s  pane l  
was good except  f o r  a s h o r t  l e n g t h  a long  the  l e f t  s i d e .  The i n n e r  f a c e  c l o t h  
d imens iona l  accuracy  was improved a l though  d e v i a t i o n s  were noted  a long  both  
s i d e s  of the  Airmat.  

The p o r o s i t y  t es t s  of Pane l  No. 3 showed t h a t  t h e  p o r o s i t y  a l o n g  both  
s ides  of  t h e  Airmat was u n s a t i s f a c t o r y .  

4 .  Experimental  Pane l  No. 4 

Pane l  No. 4 was woven approximate ly  two f e e t  long.  The f i l l  ya rn  coun t  
was 70 yarns  p e r  inch  and drop ya rns  were woven a c r o s s  t h e  f u l l  wid th  of t h e  
Airmat.  The forward end of t h e  nozz le  e x t e n s i o n  was woven a long  t h e  r i g h t  
hand s i d e  of t h e  loom. 

Two changes i n  weaving c r i t e r i a  were inco rpora t ed  a s  fo l lows .  

F i r s t  the upper  and lower p i n  r o l l s  were r eve r sed  i n  t h e i r  r e l a t i v e  
p o s i t i o n  on t h e  loom. 
t h e  o u t e r  face c l o t h  of  t h e  Airmat  and t h e  i n n e r  p i n  r o l l  c o n t r o l l e d  t h e  
i n n e r  f a c e  c l o t h  of t h e  Airmat.  The upper  s u r f a c e ,  o u t e r  s u r f a c e  of t h e  

During previous  weaving t h e  upper  p i n  r o l l  c o n t r o l l e d  
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Airmat,  had p rev ious ly  shown t h e  b e s t  d imens iona l  accu racy .  
s u r f a c e  accuracy  i s  cons idered  more c r i t i c a l  f o r  bo th  d imens iona l  and p o r o s i t y  
c o n s i d e r a t i o n s , i t  appeared d e s i r a b l e  t o  change t h e  p i n  r o l l s .  

A s  the  inne r  

An experiment was a l s o  conducted t o  reduce t h e  p o r o s i t y  of t h e  i n n e r  f a c e  
c l o t h  a t  t h e  l a r g e  end of t h e  nozz le  ex tens ion  Airmat. E x t r a  warp ya rns  were 
drawn i n t o  t h e  loom over a wid th  of twelve inches  a long  t h e  l e f t  hand s i d e  of 
t h e  loom f o r  t h e  i n n e r  Airmat f a c e  only. 
t o  d e c r e a s e  t h e  p o r o s i t y  a long  the la rge  end of t h e  Airmat where t h e  f i l l  yarns  
a r e  spaced w i d e r  a p a r t  a s  a r e s u l t  of c o n i c a l  weaving. 

The e x t r a  warp y a r n s  were in tended  

The d imens iona l  checks of t h i s  panel showed t h a t  t h e  d imens iona l  accu racy  
of t h e  Airmat a long  t h e  l e f t  hand s i d e  of t h e  i n n e r  f a c e  of t h e  Airmat was 
much improved. 

The p o r o s i t y  checks of t h i s  panel showed t h a t  t h e  p o r o s i t y  of t h e  r i g h t  
hand s i d e  of t h e  i n n e r  Airmat f a c e  was decreased  by the  a d d i t i o n  of t h e  
a d d i t i o n a l  warp ya rns .  

5. Experimental  Pane l  No .  5 

Pane l  No. 5 was woven approximately two f e e t  long. The weaving c r i t e r i a  
was t h e  same a s  f o r  Pane l  No. 4 except t h a t  the a d d i t i o n a l  warp ya rns  were 
woven i n  a c r o s s  t h e  f u l l  width of t h e  Airmat. The d i s t r i b u t i o n  of t h e  e x t r a  
warp ya rns  were programmed s o  t h a t  8 warp ya rns  p e r  i n c h  were added a t  t h e  
l a r g e  end of t h e  Airmat and t a p e r i n g  t o  0 warp ya rns  p e r  inch a t  t h e  s m a l l  end. 

P o r o s i t y  checks were conducted on t h i s  pane l  a f t e r  weaving. T e s t s  showed 
t h a t  a more uniform p o r o s i t y  was achieved on t h i s  pane l  t h a n  on t h e  o t h e r s .  

E. POROSITY TESTING 

T h i s  t a s k  was conducted i n  p a r a l l e l  w i th  S e c t i o n  V I I - D ,  Experimental  
Weaving, and involved t h e  p o r o s i t y  t e s t i n g  and e v a l u a t i o n  of t h e  exper imenta l  
pane 1s. 

1. T e s t  Setup 

as r e p o r t e d  i n  Reference 1. Ni t rogen  gas was used f o r  t e s t i n g .  The t e s t  
s e t u p  i s  desc r ibed  i n  d e t a i l  i n  t h i s  r e fe rence .  Other  p o r o s i t y  t es t s  u s i n g  
hydrogen gas were performed i n  t h e  e a r l y  p a r t  of t h i s  program and a r e  r e p o r t e d  
i n  S e c t i o n  111-A-5-d of t h i s  r e p o r t .  

The t e s t  s e t u p  was s i m i l a r  t o  t h a t  used by GAC d u r i n g  the  J-2X Program 

The t e s t  s e t u p  u t i l i z e d  s i x  b o t t l e s  of n i t r o g e n ,  connected t o g e t h e r  t o  a 

The feed l i n e  was equipped w i t h  a s h u t - o f f  valve and a 
common feed l i n e ,  a s  t h e  p r e s s u r e  gas  sou rce .  Each b o t t l e  was equipped wi th  
a p r e s s u r e  r e g u l a t o r .  
f lowmeter.  This  flowmeter measured t h e  gas flow. The t e s t  specimen which had 
a tes t  a r e a  of 16 squa re  i n c h e s ,  f o u r  inches by f o u r  inches  squa re ,  was mounted 
on one s i d e  of t h e  t e s t  chamber. The feed l i n e  was connected t o  t h i s  chamber. 
The cha.mber con ta ined  a thermocouple and lead t o  a t empera tu re  gage and a 
p r e s s u r e  t a p  t o  a p r e s s u r e  gage. 
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The t e s t s  were conducted a t  chamber p r e s s u r e s  up t o  20 p s i g .  Flow, 
t empera tu re ,  and p res su re  r ead ings  were recorded a t  5 ,  10,  13, 17,  and 20 
p s i g  p re s su re  p o i n t s .  The flow meter r ead ings  were then  conver ted  t o  cub ic  
f e e t  p e r  minute and wi th  t h e  use  of t h e  tempera ture  r ead ings  and gas  con- 
s t a n t s  t o  mass f low i n  terms of  pounds per  square  f o o t  p e r  second.  

2 .  Airmat Poros i ty  Determina t ion  

To ob ta in  p o r o s i t y  v a l u e s ,  a s e t  o f  curves  were de r ived  f o r  n i t r o g e n  gas 
f low through the  Airmat f a c e  m a t e r i a l  a t  ambient back p r e s s u r e  c o n d i t i o n s .  
These curves  f o r  p o r o s i t i e s  ranging  from 0.005 t o  0.020 were p l o t t e d  wi th  mass 
v e l o c i t y  i n  terms o f  pounds per  second p e r  square  f o o t  of s u r f a c e  a rea  and 
Airmat pressure  a s  v a r i a b l e s .  The t e s t  mass flow va lue  was p l o t t e d  a t  t h e  
a p p l i c a b l e  pressure  and a co r re spond ing  p o r o s i t y  ob ta ined .  

3 .  P r e s e n t a t i o n  of Data  

The f i v e  pane l s  t e s t e d  a r e  desc r ibed  i n  Table  XTV and t h e  t es t  d a t a  f o r  
each a r e  t abu la t ed  i n  Tab les  XV t h r u  X I X  . The t e s t  sljecimen l o c a t i o n s  
a r e  shown i n  F igure  38 . This  d a t a  i n  terms of gas  f low o r  mass v e l o c i t y  i s  
p l o t t e d  on Figures  39 t h r u  43 f o r  t h e  a p p l i c a b l e  p r e s s u r e s .  F igu res  44 
t h r u  48 a r e  p l o t s  of p o r o s i t y  a c r o s s  t h e  loom wid th  f o r  each p res su re .  
F igu re  49 i s  a p l o t  of p o r o s i t y  a c r o s s  t h e  loom width  f o r  a l l  pane l s  a t  10 p s i g  
p r e s s u r e .  F igures  50 and 51 a r e  p l o t s  of t h e  p o r o s i t y  a c r o s s  t h e  loom width  
f o r  Pane l  No. 5 only  a t  10 p s i g  p re s su re  and 7 p s i g  p r e s s u r e  r e s p e c t i v e l y .  

The Figure  49 p l o t s  a r e  inc luded  f o r  i n fo rma t ion  purposes .  A c t u a l l y  
Pane l s  No. 1 and No. 2 a r e  n o t  r e p r e s e n t a t i v e  of t h e  f i n a l  Airmat weaving 
c r i t e r i a .  Panels  N o .  3 and No. 4 a r e  n o t  a s  r e p r e s e n t a t i v e  of t h e  f i n a l  
Airmat weaving c r i t e r i a  a s  i s  Pane l  No. 5 which has  added warp ya rns  a c r o s s  
t h e  e n t i r e  nozzle l eng th .  

4 .  Summary of Data 

The r e s u l t s  of t h e  p o r o s i t y  tes ts  on P a n e l  No. 5 ,  shown i n  F igu re  50 
i n d i c a t e  t h a t  a nominal p o r o s i t y  of 1.10 pe rcen t  was ob ta ined  a t  a n  Airmat 
p r e s s u r e  of 10 ps ig .  The s c a t t e r  range was 0.15 p e r c e n t .  Thus, t h e  p o r o s i t y  
range  a t  10 ps ig  i s  from 0.95 percen t  t o  1 .25  p e r c e n t  o r  1.10 k0.015 percen t .  

The r e s u l t s  of t h e  p o r o s i t y  t e s t s  on Pane l  No. 5 shown i n  F igu re  50 

The s c a t t e r  was p l u s  0.15 percen t  and minus 0.10 pe rcen t .  
i n d i c a t e  t h a t  a nominal p o r o s i t y  of 0.95 percen t  was ob ta ined  a t  a n  Airmat 
p re s su re  of 7 p s i g .  
Thus,  t h e  po ros i ty  range a t  7 p s i g  i s  from 0.85 t o  1.10 p e r c e n t .  
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Table X I V .  Test Panel  Desc r ip t ion  

Panel  1: 

Panel  2: 

Panel  3: 

F i l l  count  80 yarns  per  inch  
Small  end of r o l l s  on L.H. s i d e  o f  loom 
Airmat i n n e r  su r face  - lower r o l l .  
Drop ye rns  a t  10,  50, and 90% s t a t i o n s  

F i l l  count  80 yarns  per inch 
Small  end o f  r o l l s  on R.H. S ide  of loom 
Airmat i n n e r  su r face  - lower r o l l  
Drop yarn  a t  10, 50, and 90% s t a t i o n  

~ ~ ~- 

F i l l  count  70 ya rns  per  i nch  
Small  end of r o l l s  on R.H. s i d e  of loom 
Airmat i n n e r  su r face  - lower r o l l  
Drop yarns  a t  a l l  s t a t i o n s  

F i l l  count  70 ya rns  per  inch  
Small  end o f  r o l l s  on R.H. s i d e  of  loom 
Airmat i n n e r  su r face  - upper r o l l  
Drop ya rns  a t  a l l  s t a t i o n s  
Ex t ra  warp yarns  a t  90% s t a t i o n  only 

F i l l  count  70 ya rns  per inch  
Small end of r o l l s  on R.H. s i d e  of  loom 
Airmat i n n e r  s u r f a c e  - upper r o l l  
Drop ya rns  a t  a l l  s t a t i o n s  
Ex t ra  warp yarns  a t  a l l  s t a t i o n s  
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I 90% S t a t i o n  

I 70% S t a t i o n  

0 1  50% S t a t i o n  

30% S t a t i o n  

t 
Forward  End 

F i g u r e  38. T e s t  Spec imen L o c a t i o n s  
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Table XV.  Porosity Test Results - Panel Number 1 

Test 
Value 

hl u 
W 
I 
0 

3 
0 

S pe c ime n 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

5 

247 
265 
175 
207 
238 
225 
157 
157 
171 
207 

_._._ 

68 
62 
63 
63 
68 
66 

' 65 
-66 
66 
65 

0.40 
0.42 
0.29 
0.34 
0.39 
0.37 
0.26 
0.26 
0.28 
0.34 

Test 
10 

382 
423 
2 83 
3 10 
3 73 
33 7 
234 
234 
292 
306 

67 
62 
63 
63 
67 
6 5  
65 
66 
65 
6 5  

0.78 
0.87 
0.58 
0.64 
0.76 
0.69 
0.48 
0.48 
0.60 
0.63 

ressure 
13 

454 
495 
326 
351 
43 6 
400 
274 
2 74 
33 7 
3 60 

66 
61 
62 
62 
67 
65 
64 
65 
65 
65 

1.04 
1.14 
0,75 
0.81 
1.00 
0.92 
0.63 
0.63 
0.78 
0.83 

i ig 
17 

53 5 
5 94 
389 
423 
504 
450 
292 
292 
405 
423 

63 
60 
61 
62 
66 
64 
64 
65 
65 
64 

1.41 
1.57 
1.10 
1.12 
1.16 
1.18 
0.77 
0.77 
1.07 
1.11 

--.I-- 

20 

5 94 
661 
423 
472 
549 
504 
3 60 
360 
481 
472 

60 
60 
60 
62 
65 
64 
64 
66 
64 
64 

1.73 
1.91 
1.32 
1.38 
1.58 
1.45 
1.04 
1.04 
1.39 
1.38 

I -- 
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Table XVI. Poros i ty  Tes t  Resul t s  - Panel  Number 2 

Specimen 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

5 
270 
292 

' 238 
216 
234 
252 
189 
157 
198 
15 7 

7 1  
7 1  
70 
70 
7 1  
7 1  
72 
7 1  
72 
72 

0.44 
0.47 
0.39 
0.35 
0.38 
0.41 
0.31 
0.25 
0.32 
0.25 

Test  
10 

472 
468 
355 
319 
33 7 
3 73  
292 
252 
291 
252 

7 1  
70 
70 
70 
70 
7 1  
7 1  
7 1  
72 
72 

0.95 
0.94 
0.72 
0.64 
0.58 
0.75 
0.59 
0.51 
0.59 
0.51 

ressure  E 
13 

549 
544 
4 14 
3 73 
405 
445 
337 
306 
337 
292 

70 
70 
70 
70 
70 
7 1  
7 1  
7 1  
72 
72 

1.24 
1.23 
0.94 
0.85 
0.92 
1.01 
0.76 
0.69 
0.76 
0.66 

i n  
1 7  

64 8 
648 
486 
43 2 
472 
517 
391 
355 
391 
33 7 

70 
70 
70 
70 
70 
7 1  
7 1  
7 1  
72 
72 

1.69 
1.69 
1.26 
1.12 
1.23 
1.35 
1.02 
0.92 
1.02 
0.88 

ao 

729 
702 
535 
472 
5 13 
562 
432 
387 
432 
3 7 3  

69 
69 
69 
70 
70 
70 
7 1  
7 1  
72 
72 

~ ~~ ~ 

2.08 
2.00 
1.53 
1.35 
1.46 
1.60 
1.23 
1.10 
1 .23  
1.06 
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Table X V I I .  Poros i ty  Test Resul ts  - Panel Number 3 

13 
Specimen 

Value 1 7  

I 1 

l 9  

l 9  
l 1  

l 9  

. 5  

342 

245 

3 15 

261 

2 90 

79 

78 

75 

76 

78 

.55 

.39 

.50 

.42 

.46 

Te s 
10 

526 

3 73 

468 

3 93 

400 

79 

78 

75 

75 

16 
~~ ~ 

1.06 

.75 

.96 

.79 

.80 

634 

436 

540 

456 

495 

80 

78 

74 

75 

76 

707 

508 

634 

53 1 

585 

80 

78 

74 

75 

76 

1.42 

.97 

1 . 2 1  

1.02 

1.11 

1.82 

1.30 

1.63 

1.36 

1.50 

20 

833 

562 

693 

585 

645 

7 1  

78 

73 

74 

76 

2.35 

1.58 

1.95 

1.65 

1.82 

8 1  



Table X V I I I .  P o r o s i t y  Test R e s u l t s  - Panel  Number 4 

S pe c ime n 
N o .  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

5 

23 5 
261  
279 
297 
3 16 
324 
211 
270 
373 
355 

68 
68 
69 
69 
70 
70 
72 
72 
7 1  
71  

0 .38 
0.42 
0.45 
0 .48  
0 .51  
0.53 
0 .31  
0.44 
0.60 
0.57 

Tes t  
10 

351 
391 
4 18 
44 1 
463 
486 
3 73  
400 
553 
52 6 

68 
68 
69 
69 
69 
69 
72 
72 
70 
70 

0.71 
0.80 
0.85 
0.90 
0.94 
0.99: 
0.76 
0.81 
1 . 1 2  
1.07 

r e s s u r e  
13 

400 
450 
486 
508 
53 1 
558 
444 
468 
64 8 
666 

68 
68 
69 
69 
68 
69 
70 
72 
70 
70 

0.92 
1.03 
1.26 
1.16 
1.28 
1 .27  
1.02 
1 . 0 1  
1 .48  
1.52 

)sig 
1 7  

468 
52 6 
5 62 
585 
616 
657 
508 
558 
751 
73 8 

68 
68  
69 
68 
68 
69 
70 
70 
69 
69 

- 

1.22  
1.37 
1.46 
1.52 
1 . 7 1  
1 . 7 1  
1 .32  
1 .22  
1.95 
1.92 

20 

5 13 
585 
625 
648 
675 
706 
562 
60 7 
82 8 
7 92 

68 
68 
69 
68 
67 
69 
69 
70 
69 
68 

1.46 
1.70 
1.78 
1 .85  
1.92 
2.01 
1.60 
1.73 
2.36 
2.26 
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T e s t  
Value 

hl 
u 
w 

I 

w 
3 
V 

Tab le  X I X .  P o r o s i t y  Tes t  R e s u l t s  - P a n e l  Number 5 

i pec ime n 
40. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
~ ~~ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

~ ~ 

5 

252 
2 63 
357 
33 9 
303 
2 86 
286 
2 93 
323 
3 10 

78 
78 
78 
76 
7 4  
76 
80 
78 
78 
76 

.40 

.42 

.57 

.54 

.48 

.46 

.46 

.47 

.52 

.50 

Te s 
10 

372 
401 
538 
5 12 
44 6 
430 
423 
430 
478 
450 

~ 

78 
78 
78 
76 
74 
76 
80 
77 
76 
76 

.74 

.80 
1.08 
1.03 

.89 

.86 

.85 

.86 

.96 
- 9 0  

P r e s s u r  
13 

43 8 
472 
62 6 
60 1 
512 
490 
480 
498 
562 
523 

~- ~~ ~~ 

78 
7 7  
77 
75 
74  
76 
80 
76 
76 
75 

.98 
1.06 
1.40 
1 .34  
1.15 
1.10 
1.07 
1.11 
1.26 
1.18 

psig 
17 

508 
5 5 2  
7 78 
708 
594 
569 
569 
585 
646 
63 8 

76 
7 7  
76 
74 
74 
7 5  
79 
75 
76 
74 

1.30 
1.42 
2 .00  
1.82 
1 . 5 3  
1 .46 
1.46 
1.50 
1.66 
1.65 

20 

562 
609 
810 
7 70 
655 
626 
666 
643 
708 
679 

76 
77 
76 
72 
73 
74 
77 
74 
74 
73 

1.58 
1 .71  
2.28 
2.16 
1 . 8 1  
1.76 
1.87 
1 . 8 1  
1.99 
1 .91  
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F i g u r e  39 .  Mass V e l o c i t y  v s  Airmat P res su re  - 10% S t a t i o n  - Specimens 1 &. 2 
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Figure  40.  Mass V e l o c i t y  v s  Airmat P r e s s u r e  - 30% S t a t i o n  - Specimens 7 & 8 
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TEST GAS-GN2; BACK PRESSURE - 14.7 PSI 

F i g u r e  4 3 .  Mass V e l o c i t y  v s  A i rma t rP res su re  - 90% S t a t i o n  - Specimens 5 & 6 
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F i g u r e  44 .  Panel  1 P o r o s i t y  
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Figure  45. Panel  2 P o r o s i t y  
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Figure  46. Panel  3 P o r o s i t y  
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SECTION V I 1 1  

FABRICATION 

A.  GENERAL 

T h i s  t a s k  e f f o r t  involved t h e  f a b r i c a t i o n  of two nozz le  e x t e n s i o n  
a s sembl i e s  and one manifold assembly. The f a b r i c a t i o n  of t h e  nozz le  e x t e n s i o n  
a s sembl i e s  inc luded  Airmat weaving, f a b r i c a t i o n  of  me ta l  p a r t s ,  f a b r i c a t i o n  of 
t h e  A i r m a t  subassembl ies ,  f i n a l  assembly of t h e  Airmat and the  me ta l  p a r t s ,  
and c o a t i n g  of t h e  o u t e r  s u r f a c e  of t h e  Airmat wi th  a s i l i c o n e  e l a s tomer .  
The mani fo ld  f a b r i c a t i o n  inc luded  f a b r i c a t i o n  of meta l  p a r t s ,  f a b r i c a t i o n  of 
t h e  f a b r i c  t o r u s  subassembly, f i n a l  assembly of t h e  f a b r i c  t o r u s  and t h e  
m e t a l  p a r t s ,  and c o a t i n g  of t h e  f a b r i c  t o r u s  wi th  a s i l i c o n e  e l a s tomer .  

The b a s i c  completed a s sembl i e s  were i d e n t i f i e d  by t h e i r  GAC Drawing 
Numbers a s  fo l lows :  

EA 2211-013-103 Number 1 Nozzle Extens ion  Assembly 

EA 2211-013-101 Number 2 Nozzle Extens ion  Assembly 

EA 2211-016-101 Manifold Assembly 

The -103 nozz le  e x t e n s i o n  assembly was the  s h o r t e r  of t h e  two nozz le s .  
I t s  expans ion  r a t i o  was 27.5 t o  1 a t  t h e  s m a l l  end and 41.3 t o  1 a t  t h e  l a r g e r  
end. 
a t  t h e  sma l l  end and 4 8  t o  1 a t  t h e  l a r g e  end. 

The -101 nozz le  e x t e n s i o n  assembly had an expansion r a t i o  o f  27.5 t o  1 

T e s t  i n s t r u m e n t a t i o n  requirements were added t o  t h e  nozz le  e x t e n s i o n  i n  
accordance  wi th  Drawing EA-2211-019. T e s t  i n s t r u m e n t a t i o n  requi rements  were 
added t o  t h e  manifold i n  accordance w i t h  Drawing EA-2211-020. I n s t a l l a t i o n  
b o l t s  t h a t  a r e  r e q u i r e d  t o  a t t a c h  the o u t e r  nozz le  e x t e n s i o n  r i n g ,  EA-2211-011, 
t o  t h e  manifold which a r e  c a l l e d  out on t h e  EA-2211-018 i n s t a l l a t i o n  drawing 
were inc luded  w i t h  the manifold assembly. Th i s  completed a l l  of t h e  f a b r i c a -  
t i o n  requi rements .  

Following f i n a l  i n s p e c t i o n  t h e  t h r e e  assembl ies  were packaged and shipped 
t o  t h e  George C. Marsha l l  Space F l i g h t  Cen te r ,  H u n t s v i l l e ,  Alabama. 

B. WEAVING - NUMBER 1 NOZZLE EXTENSION 

Weaving of t h e  Airmat f o r  t h e  f irst  nozz le  e x t e n s i o n  was i n i t i a t e d  and 
completed i n  two months. The l e n g t h  of c o n i c a l  Airmat woven was 250 inches .  

During t h e  weaving program, and w i t h  t h e  woven m a t e r i a l  a t t a c h e d  t o  t h e  
loom, s p o t  d imens iona l  checks were performed. These checks i n  g e n e r a l  
i n d i c a t e d  t h a t  good dimensional accuracy was be ing  obta ined  over  t h e  forward 
p o r t i o n s  of t h e  nozz le  e x t e n s i o n  and t h a t  t h e  loom was weaving s h o r t  over t h e  
a f t  p o r t i o n  of t h e  nozz le  ex tens ion .  Consequently,a s e r i e s  of ad jus tments  i n  
warp  t e n s i o n s  were made a s  t h e  weaving progressed  t o  reduce t h e  warp t e n s i o n  
i n  t h e  s h o r t  a r e a .  Th i s  procedure reduced t h e  tendency t o  weave s h o r t  but  d i d  
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not  completely e l i m i n a t e  t h e  problem. 
a d d i t i o n a l  r e d u c t i o n  i n  warp t e n s i o n  was made which l a t e r  proved t o  be t o o  
l a r g e  a r e d u c t i o n .  The subsequent  weaving r e s u l t e d  i n  m a t e r i a l  t h a t  appeared 
t o  be marginal  from q u a l i t y ,  p o r o s i t y ,  and d imens iona l  c o n t r o l  c r i t e r i a .  
Bui ldup a t  the f i l l  l i n e  was a l s o  e v i d e n t .  
soon a s  t h e  problem was determined.  
weaving was r e t u r n i n g  t o  normal. 
cons idered  t o  be margina l .  
t h e  loom and spread out  on t h e  f l o o r  a s  shown i n  F i g u r e  5 2 .  

A f t e r  weaving of 210 i n c h e s ,  an 

A d d i t i o n a l  weights  were added a s  
A s  t h e  250-inch mark was reached ,  t h e  

F o r t y  i n c h e s  of t h e  m a t e r i a l  were t h u s  
The woven m a t e r i a l  was subsequent ly  removed f r a n  

A dimensional  check was performed over  t h e  t o t a l  l e n g t h  of t h e  250 i n c h e s  
of woven m a t e r i a l .  Dimensions were measured i n  s ix- inch  l e n g t h  increments  and 
a t  seven s t a t i o n s  a c r o s s  the  Airmat width.  Both Airmat f a c e s  were measured. 
Averages were computed f o r  t h e  f i r s t  210 i n c h e s  of Airmat and compared w i t h  
t h e o r e t i c a l  va lues  c a l c u l a t e d  f o r  t h e  s e v e n  s t a t i o n s .  

Over t h e  forward p o r t i o n  of t h e  Airmat ,  t h e  a c t u a l  dimensions were w i t h i n  
t h r e e  p e r c e n t  of t h e  t h e o r e t i c a l .  
c e n t  of t h e  t h e o r e t i c a l  over  t h e  a f t  n i n e  i n c h e s .  A t  S t a t i o n  0 ,  t h e  forward 
end,  and S t a t i o n  2 7 ,  t h e  c e n t e r  of t h e  Airmat,  t h e  a c t u a l  dimensions were 
w i t h i n  t h r e e  t e n t h s  of one p e r c e n t  of t h e  t h e o r e t i c a l .  The dimensions of t h e  
l a s t  40 inches o f  weaving were q u i t e  e r r a t i c .  
i n  t h e  averages .  

The a c t u a l  dimensions were w i t h i n  s i x  per-  

Thus,  t h e y  were n o t  inc luded  

The woven m a t e r i a l ,  p a r t i c u l a r l y  t h e  l a s t  40 i n c h e s ,  was a l s o  e v a l u a t e d  
f o r  q u a l i t y  and, s e c o n d a r i l y ,  p o r o s i t y  by v i s u a l  i n s p e c t i o n .  The m a t e r i a l  
from l e n g t h  210 t o  250 i n c h e s  showed a d i f f e r e n t  c o l o r  and t e x t u r e  t h a n  t h e  

F igure  5 2 .  Conica l  Airmat Woven f o r  Number 1 Nozzle Extens ion  
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o t h e r  m a t e r i a l .  
were woven i n  a s l a c k  c o n d i t i o n  and t h a t  a n  i r r e g u l a r  weave p a t t e r n  r e s u l t e d .  
The m a t e r i a l  woven f i r s t  showed t h e  warp ya rns  t o  be t i g h t e r  and t h a t  a uni form 
p a t t e r n  between warp and f i l l  ya rns  r e s u l t e d .  Small  gaps between f i l l  ya rns  
a t  s e v e r a l  p l a c e s  i n  t h e  l a s t  40 inches o f  material were noted. 

I n s p e c t i o n  w i t h  a magnifying g l a s s  showed t h a t  t h e  warp y a r n s  

It was thus  concluded t h a t  t h e  f i r s t  210 inches  of m a t e r i a l  woven was a n  
accep tab le  m a t e r i a l  f o r  u se  i n  f a b r i c a t i o n  of t h e  f i r s t  nozz le  e x t e n s i o n .  It 
was a l s o  concluded t h a t  the  q u a l i t y ,  dimensional accuracy ,  and t h e  p o r o s i t y  of  
t h e  l a s t  40 i nches  woven w a s  margina l  and t h i s  m a t e r i a l  was n o t  recommended 
f o r  use.  

Based on t h e  weaving e v a l u a t i o n ,  a r e v i s e d  f a b r i c a t i o n  p l an  f o r  t h e  f i r s t  
nozz le  e x t e n s i o n ,  which i s  t h e  s h o r t  nozz le  e x t e n s i o n ,  was adapted.  The on ly  
b a s i c  change i n  t h e  nozz le  e x t e n s i o n  des ign  involved changing from a one gore 
p l an  t o  a f o u r  gore plan.  F i g u r e  53 p r e s e n t s  a s k e t c h  showing t h e  d i f f e r e n c e  
between t h e  two f a b r i c a t i o n  methods, 

Four-Gore F a b r i c a t i o n  Technique One-Gore F a b r i c a t i o n  Technique 

F i g u r e  53. Sketch of One and Four Gore F a b r i c a t i o n  Methods 
I 

The o r i g i n a l  weaving approach was t o  weave one p i e c e  of c o n i c a l  Airmat 
long enough s o  t h a t  t h e  nozz le  ex tens ion  could  be f a b r i c a t e d  from one p i ece  
o r  go re .  T h i s  m a t e r i a l  when wrapped around would form a t r u n c a t e d  cone and 
on ly  one l o n g i t u d i n a l  seam would b e  required.  
minimum amount of seaming. 

T h i s  approach provides  the  
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The r ev i sed  approach invo lves  f a b r i c a t i o n  of t h e  nozz le  e x t e n s i o n  from 
Each gore r e p r e s e n t s  one - fou r th  of t h e  one f o u r  i d e n t i c a l  p i e c e s  o r  go res .  

gore p a t t e r n .  I n  t h i s  c a s e ,  f o u r  l o n g i t u d i n a l  seams a r e  r e q u i r e d .  

Three of t h e  f o u r  go res  were p a t t e r n e d  from t h e  f i r s t  120 inches  of 
Airmat woven. One a d d i t i o n a l  p i ece  of Airmat 66 inches  long  was subsequent ly  
woven. 
the weaving f o r  t h e  f i r s t  nozz le  e x t e n s i o n .  

Th i s  m a t e r i a l  was used t o  p a t t e r n  t h e  f o u r t h  gore.  Th i s  completed 

The second p iece  of Airmat woven was removed from t h e  loom and checked 
d imens iona l ly  s i m i l a r i l y  t o  t h e  f i r s t  p i ece .  
f a b r i c a t i o n .  

Th i s  m a t e r i a l  was accepted  f o r  

C. WEAVING - NUMBER 2 NOZZLE EXTENSION 

Weaving of t h e  Airmat f o r  t h e  second nozz le  e x t e n s i o n  completed t h e  
weaving t a s k .  

The second nozz le  e x t e n s i o n  weaving o p e r a t i o n  produced one p i ece  of 
c o n i c a l  A i r m a t  264 inches long. T h i s  m a t e r i a l  was used t o  f a b r i c a t e  a one 
p i ece  nozz le  e x t e n s i o n  r e q u i r i n g  on ly  one l o n g i t u d i n a l  seam. 
checks were performed on t h i s  m a t e r i a l  bo th  du r ing  t h e  weaving p rocess  and 
a f t e r  removal of  t h e  m a t e r i a l  from t h e  loom. 

Dimensional 

I n  g e n e r a l ,  t h e  d imens iona l  accuracy  of t h e  m a t e r i a l  woven f o r  t h e  
second nozzle  e x t e n s i o n  was c o n s i d e r a b l y  improved over t h a t  ob ta ined  du r ing  
weaving of the f i r s t  nozz le  e x t e n s i o n .  The weaving s h o r t  problem t h a t  was 
encountered  during t h e  weaving of t h e  f i r s t  nozz le  over t h e  a f t  p o r t i o n  of 
t h e  i n n e r  face of t h e  Airmat was e s s e n t i a l l y  e l i m i n a t e d .  

The dimensional checks inc luded  measuring t h e  Airmat l e n g t h  i n  s i x - i n c h  
increments  over t h e  Airmat l e n g t h  of 264 inches .  These measurements were pe r -  
formed a t  seven p o i n t s  a long  t h e  Airmat wid th .  The measured l e n g t h s  were then  
compared with t h e o r e t i c a l  o r  programmed l eng ths  a t  t h e  seven  l o c a t i o n s .  
maximum v a r i a t i o n  between a c t u a l  and t h e o r e t i c a l  dimensions f o r  t h e  i n n e r  f a c e  
c l o t h  was 1.0 p e r c e n t .  
dimensions f o r  t h e  o u t e r  f a c e  c l o t h  was 2.0 p e r c e n t .  

The 

The maximum v a r i a t i o n  between a c t u a l  and t h e o r e t i c a l  

D. FABRICATION - NUMBER 1 NOZZLE EXTENSION 

The No, 1 nozz le  e x t e n s i o n  was f a b r i c a t e d  i n  accordance  wi th  GAC Drawing 
EA 2211-013-103. T h i s  nozz le  i s  commonly known a s  t h e  s h o r t  nozz le .  

The nozzle e x t e n s i o n  f a b r i c a t i o n  procedure  inc luded  f a b r i c a t i o n  of meta l  
p a r t s ,  f a b r i c a t i o n  of  the  Airmat subassembly, f i n a l  assembly which jo ined  the  
forward mounting r i n g s  t o  t h e  Airmat subassembly, and c o a t i n g  of  t h e  o u t e r  
s u r f a c e  of the A i r m a t .  

The metal p a r t  assembly c o n s i s t e d  of t h e  f a b r i c a t i o n  of t h e  forward 
mounting r ings .  
a n g l e s  which were machined, r o l l e d ,  and welded i n t o  r i n g s .  Attachment h o l e s  
were d r i l l e d  t o  match t h e  mani fo ld  assembly h o l e s  u s i n g  a common d r i l l  t empla t e .  

These r i n g s  were f a b r i c a t e d  from Type 316 s t a i n l e s s  s t e e l  
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The Airmat subassembly was f a b r i c a t e d  from t h e  m a t e r i a l  woven f o r  t h e  
Number 1 nozz le  a s  desc r ibed  i n  Sec t ion  V I 1 1  - B. A c t u a l l y , t h e  subassembly 
d e v i a t e d  from t h e  des ign  i n  t h a t  i t  was f a b r i c a t e d  as a fou r -go re  assembly 
r a t h e r  t h a n  a s  a one-gore assembly. T h i s  r e q u i r e d  f o u r  l o n g i t u d i n a l  seams 
r a t h e r  t h a n  one. Three go res  were obta ined  from t h e  f i r s t  p i ece  of Airmat 
woven and t h e  f o u r t h  gore from t h e  s h o r t  replacement p i e c e  of Airmat. 

The f i r s t  procedure i n  f a b r i c a t i o n  of t h e  Airmat subassembly involved 
e s t a b l i s h m e n t  of t h e  f i n a l  t r i m  lines f o r  each of t h e  f o u r  go res .  To 
accomplish t h i s  procedure ,  two metal  templates were f a b r i c a t e d ,  one f o r  each 
f a c e  c l o t h .  The t empla t e s  r ep resen ted  t h e  f l a t  p a t t e r n  of each  f a c e  c l o t h .  
These t empla t e s  were l o c a t e d  and centered on t h e  A i r m a t .  The Airmat was then  
s t r e t c h e d  o u t  under t h e  t empla t e  t o  e s t a b l i s h  a smooth s u r f a c e .  The edges of 
t h e  t empla t e  were t h e n  marked on the Airmat. Th i s  procedure was repea ted  f o u r  
times f o r  each  f a c e  c l o t h .  

The r e s u l t a n t  gore end l i n e s  did n o t  f o l l o w  a s p e c i f i c  f i l l  yarn  o v e r  
t h e  wid th  of t h e  A i r m a t .  The d e v i a t i o n s  were measured and ana lyzed ,  A s  a 
r e s u l t  , c o r r e c t i o n s  were programmed i n  t h e  g o r e  t r i m  l i n e s .  
ph i losophy followed i n  making t h e  c o r r e c t i o n s  was t o  u s e  t h e  templa te  l i n e s  
f o r  trimming t h e  i n n e r  f a c e  c l o t h .  The drop  y a r n s  a t  t h e  i n n e r  f a c e  c l o t h  were 
then p r o j e c t e d  t o  the  o u t e r  f a c e  c l o t h  and a new o u t e r  f a c e  c l o t h  t r i m  l i n e  was 
e s t a b l i s h e d .  I n  g e n e r a l  t h i s  extended t h e  o u t s i d e  f a c e  t r i m  l i n e .  T h i s  pro- 
cedure  avoided c u t t i n g  of any drop yarns .  It d i d ,  however, program c u t t i n g  of 
f i l l  ya rns .  The i n t e n t  of t h i s  procedure was t o  o b t a i n  a smooth i n n e r  f a c e  
c l o t h  and t o  a l low weaving t o l e r a n c e s  t o  be absorbed by t h e  o u t e r  f a c e  c l o t h  
whose smoothness i s  n o t  as c r i t i c a l  i n  o p e r a t i o n .  

The g e n e r a l ,  

A f t e r  l o c a t i n g  a l l  t r i m  l i n e s ,  a seam weld was run  a long  a l l  edges t o  
p reven t  r a v e l l i n g  a f t e r  trimming. The drop  ya rns  were t h e n  trimmed t o  t h e  
t r i m  l i n e s  and t h e  f a c e  c l o t h s  were c u t  a long  t h e s e  t r i m  l i n e s .  The f a c e  
c l o t h s  were doubled back a t  the  forward edge t o  provide  a double t h i c k n e s s  
f o r  a t t achmen t  t o  t h e  mounting r i n g s .  

The nex t  assembly procedure involved c l o s u r e  of t h e  a f t  end of each 
nozz le  ex tens ion .  T h i s  involved  j o i n i n g  of t h e  i n n e r  and o u t e r  f a c e  c l o t h s .  
A s  t h e i r  woven l e n g t h s  a re  d i f f e r e n t , t h e  l e n g t h s  were equated by removing 
m a t e r i a l  from t h e  o u t e r  f a c e  and opening of t h e  i n n e r  f a c e .  T h i s  s l i t t i n g  
and s l o t t i n g  o p e r a t i o n  was performed a t  s i x  l o c a t i o n s  a long  t h e  a f t  edge of 
each  go re .  
l o c a t i o n .  The j o i n i n g  of t h e  two f a c e  c l o t h s  was n e x t  accomplished u s i n g  a 
b u t t  j o i n t  w i t h  a welded s t rap.  

The s l i t s  and s l o t s  were c l o s e d  by a common welded s t r a p  a t  each  

I n s t r u m e n t a t i o n  p rov i s ions  were nex t  added t o  t h e  A i r m a t  i n  accordance 
w i t h  Drawing EA 2211-019 Nozzle Tes t  Assembly. Th i s  i nc luded  s i x  thermo- 
coup le  i n s t a l l a t i o n s  and a t tachment  of s i x  p o r t s  f o r  i n s t a l l a t i o n  of p r e s s u r e  
t a p s  du r ing  f u t u r e  t e s t i n g .  

The f i n a l  A i r m a t  assembly procedure was t o  a t t a c h  t h e  f o u r  Airmat go res  
t o g e t h e r  t o  form a cone. 
welded s t r a p .  
T h i s  completed t h e  Airmat subassembly. 

Th i s  was accomplished u s i n g  a b u t t  j o i n t  wi th  a 
Four l o n g i t u d i n a l  seams were r e q u i r e d  f o r  each f a c e  c l o t h .  
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The nozzle e x t e n s i o n  f i n a l  assembly procedure involved a t tachment  of t h e  
two at tachment  r i n g s  t o  t h e  Airmat subassembly and c o a t i n g  of t h e  o u t e r  s u r -  
f a c e  of t h e  nozzle  e x t e n s i o n .  

The i n n e r  f a c e  c l o t h  of t h e  Airmat was a t t a c h e d  t o  i t s  cor responding  
a t tachment  r i n g  by r e s i s t a n c e  s p o t  welding.  T h i s  r e s u l t e d  i n  a f i x e d  a t t a c h -  
ment. The outer  f a c e  c l o t h  was a t t a c h e d  t o  i t s  cor responding  at tachment  r i n g  
by a clamping arrangement .  
t h e  r a d i a l  and l o n g i t u d i n a l  p o s i t i o n i n g  of t h e  o u t e r  f a c e  c l o t h .  

T h i s  a l lows  f o r  f u t u r e  ad jus tment  i f  d e s i r e d  i n  

The c o a t i n g  a p p l i e d  t o  t h e  o u t e r  Airmat s u r f a c e  was Dow Corning 92009 
s i l i c o n e  e las tomer .  T h i s  i s  a room tempera ture  c u r e  m a t e r i a l .  The c o a t i n g  was 
a p p l i e d  by brushing.  
of c o a t i n g  was a p p l i e d .  This  completed t h e  nozz le  e x t e n s i o n  assembly.  

Approximately 0.10 pounds p e r  square  f o o t  d r y  weight  

The completed nozz le  e x t e n s i o n  assembly i s  presented  i n  F i g u r e  5 4 .  

Figure  54.  Number 1 Nozzle Extens ion  Assembly 

E .  FABRICATION - NUMBER 2 NOZZLE EXTENSION 

The Number 2 n o z z l e  e x t e n s i o n  was f a b r i c a t e d  i n  accordance w i t h  GAC 
Drawing EA 2211-013-101. T h i s  nozz le  i s  commonly known a s  t h e  long  nozz le  
e x t e n s i o n .  
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The nozz le  e x t e n s i o n  f a b r i c a t i o n  procedure inc luded  f a b r i c a t i o n  o f  m e t a l  
p a r t s ,  f a b r i c a t i o n  of t h e  Airmat subassembly, f i n a l  assembly which jo ined  t h e  
forward mounting r i n g s  t o  t h e  A i r m a t  subassembly, and c o a t i n g  of t h e  o u t e r  
s u r f a c e  of t h e  Airmat. 

The metal p a r t  assembly c o n s i s t e d  of t h e  f a b r i c a t i o n  of t h e  forward 
mounting r i n g s .  These r i n g s  were i d e n t i c a l  t o  t h e  r i n g s  f a b r i c a t e d  f o r  t h e  
Number 1 nozz le  ex tens ion .  

I 

The Airmat subassembly was f a b r i c a t e d  from t h e  m a t e r i a l  woven f o r  t h e  
Number 2 nozz le  as desc r ibed  i n  Sec t ion  VI11 - C. 
was f a b r i c a t e d  from one p i ece  of A i r m a t  r e q u i r i n g  on ly  one l o n g i t u d i n a l  seam 
t o  form t h e  Airmat i n t o  a cone. 

The Airmat subassembly 

The f i r s t  procedure i n  f a b r i c a t i o n  o f  t h e  Airmat subassembly involved  
e s t a b l i s h m e n t  of t h e  f i n a l  t r i m  l i n e s  a long  a l l  s i d e s  of the  one-piece of 
A i r m a t .  The g e n e r a l  philosophy adapted i n  e s t a b l i s h i n g  t h e s e  t r i m  l i n e s  was 
t o  l a y  o u t  t h e  i n s i d e  forward c i rcumference  a c c u r a t e l y  a s  t h i s  i s  t h e  most 
c r i t i c a l  dimension i n  o b t a i n i n g  a smooth s u r f a c e  f o r  the  i n s i d e  s u r f a c e  of 
t h e  nozz le .  A l l  t r i m  l i n e s  were then  loca ted  t o  fo l low cor responding  s t a t i o n  
l i n e s .  T h i s  procedure d i d  n o t  provide f o r  c o r r e c t i o n s  f o r  weaving t o l e r a n c e  
o t h e r  t h a n  a t  t h e  one po in t .  It d i d ,  however, e l i m i n a t e  c u t t i n g  of any drop 
o r  f i l l  ya rns  as i n  t h e  f i r s t  n o z z l e  e x t e n s i o n  where f i l l  ya rns  were c u t  t o  
c o r r e c t  f o r  weaving t o l e r a n c e s .  

The A i r m a t  was woven 264 i n c h e s  long a t  t h e  i n n e r  forward c o r n e r .  Red 
f i l l  y a r n s  were i n s e r t e d  a t  approximately one inch spac ings  on each  f a c e  c l o t h .  
Red warp y a r n s  were a l s o  woven-in a t  the forward edge of each f a c e  c l o t h .  These 
y a r n s  were used t o  e s t a b l i s h  s t a t i o n  l i n e s .  Thus l eng th  wise s t a t i o n s  0 through 
264 were e s t a b l i s h e d .  Width wise S t a t i o n  0 was e s t a b l i s h e d .  

The c a l c u l a t e d  c i rcumference  a t  the forward i n n e r  p o i n t  was 246.77 i n c h e s ,  
One end of t h e  Airmat was f i x e d  a t  S t a t i o n  1. Thus , the  o t h e r  end was t e n t a -  
t i v e l y  l o c a t e d  a t  S t a t i o n  247.77. To determine t h i s  end a c c u r a t e l y ,  the  i n n e r  
f a c e  c l o t h  t empla t e  used i n  f a b r i c a t i n g  t h e  f i r s t  nozz le  were employed. T h i s  
t empla t e  was pos i t i oned  on t h e  Airmat f o u r  t i m e s  s t a r t i n g  a t  S t a t i o n  1. The 
r e s u l t i n g  end p o i n t  was a t  S t a t i o n  248.50. Th i s  showed t h a t  t h e  S t a t i o n  l i n e s  
were 0.73 i n c h  s h o r t  over t h e  t o t a l  length.  The second end t r i m  l i n e  was t h u s  
f i x e d  a t  S t a t i o n  248.50. 

The forward and a f t  edge t r i m  l i n e s  were e s t a b l i s h e d  by measurements from 
t h e  r e d  warp  y a r n  l o c a t i n g  S t a t i o n  0. 

A f t e r  l o c a t i n g  t h e  t r i m  l i n e s , a  seam weld was r u n  a long  a l l  edges t o  p r e -  
ven t  r a v e l l i n g  a f t e r  trimming. 
l i n e s  and t h e  f a c e  c l o t h s  were c u t  a long  t h e s e  t r i m  l i n e s .  A t  t h e  forward 
e d g e , t h e  f a c e  c l o t h s  were doubled back t o  provide  a double  t h i c k n e s s  f o r  
a t t achmen t  t o  t h e  mounting r i n g s .  

The d r o p  ya rns  were t h e n  trimmed t o  t h e  t r i m  

I n s t r u m e n t a t i o n  p r o v i s i o n s  were next added t o  t h e  Airmat i n  accordance 
wi th  Drawing EA 2211-019 Nozzle T e s t  Assembly. T h i s  inc luded  t e n  thermo- 
coup le  i n s t a l l a t i o n s  and a t tachment  of t e n  p o r t s  f o r  i n s t a l l a t i o n  of p r e s s u r e  
t a p s  d u r i n g  f u t u r e  t e s t i n g .  
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The next  Airmat assembly procedure involved c l o s u r e  of t h e  a f t  end of 
t h e  nozz le  ex tens ion .  Th i s  involved j o i n i n g  of t h e  i n n e r  and o u t e r  f a c e  c l o t h .  
A s  t h e i r  woven l eng ths  a r e  d i f f e r e n t  , t h e  l e n g t h s  were equated by removing 
m a t e r i a l  from t h e  o u t e r  f a c e  and s l i t t i n g  and opening up the  i n n e r  f a c e .  

Th i s  procedure was programmed a t  twenty- four  l o c a t i o n s  around t h e  nozz le  
e x t e n s i o n  circumference.  The c u t s  made i n  t h e  Airmat were c losed  by a common 
welded s t r a p  a t  each l o c a t i o n .  The j o i n i n g  of the  two f a c e  c l o t h s  was 
accomplished u s i n g  a b u t t  j o i n t  wi th  a s t r a p  welded around t h e  e n t i r e  c i r -  
cumference. 

The f i n a l  Airmat assembly procedure was t o  a t t a c h  the two ends of t h e  
Airmat t oge the r  t o  form a cone. Th i s  was accomplished u s i n g  a b u t t  j o i n t  
and a welded s t r a p .  One l o n g i t u d i n a l  seam was r e q u i r e d  f o r  each  f a c e  c l o t h .  
Th i s  completed t h e  Airmat suba ssemb l y  . 

The nozzle e x t e n s i o n  f i n a l  assembly procedure involved  a t tachment  of t h e  
two attachment r i n g s  t o  t h e  Airmat subassembly and c o a t i n g  of t h e  o u t e r  s u r f a c e  
of t h e  nozzle.  

The inne r  f a c e  c l o t h  of t h e  Airmat was a t t z c h e d  t o  i t s  co r re spond ing  
a t tachment  r ing  by r e s i s t a n c e  s p o t  welding. Th i s  r e s u l t e d  i n  a f i x e d  a t t a c h -  
ment. The o u t e r  f a c e  c l o t h  was a t t a c h e d  t o  i t s  co r re spond ing  a t tachment  r i n g  
by a clamping arrangement.  T h i s  a l lows  f o r  f u t u r e  ad jus tmen t s ,  i f  d e s i r a b l e ,  
i n  t h e  r a d i a l  and l o n g i t u d i n a l  p o s i t i o n i n g  of t h e  o u t e r  f a c e  c l o t h .  

The c o a t i n g  a p p l i e d  t o  t h e  o u t e r  Airmat s u r f a c e  was Dow Corning 92009 
s i l i c o n e  elastomer.  Th i s  i s  a room tempera ture  c u r e  m a t e r i a l .  The c o a t i n g  
was a p p l i e d  by brushing .  Approximately 0.10 pounds p e r  square f o o t ,  d ry  
we igh t ,  of coa t ing  was a p p l i e d .  Th i s  completed t h e  nozz le  e x t e n s i o n  assembly. 

The completed nozz le  e x t e n s i o n  assembly i s  shown i n  F i g u r e s  55 and 56 .  

F. FABRICATION - MANIFOLD 

One manifold was f a b r i c a t e d  i n  accordance w i t h  GAC Drawing EA 2211-016-101 
Manifold Assembly. The f a b r i c a t i o n  procedure inc luded  f a b r i c a t i o n  o f  me ta l  
p a r t s ,  f a b r i c a t i o n  of a f a b r i c  t o r u s  subassembly, f i n a l  assembly which j o i n e d  
t h e  me ta l  and f a b r i c  p a r t s  t o g e t h e r ,  and c o a t i n g  of t h e  f a b r i c  p o r t i o n  of t h e  
f i n a l  assembly. 

The b a s i c  me ta l  p a r t s  inc luded  one EA 2211-014-101 Manifold Ring Welded 
Assembly, one EA 2211-015-101 Load Ring Assembly, and one EA 2211-016-105 
I n l e t  Assembly. These p a r t s  were a l l  f a b r i c a t e d  of Type 316 s t a i n l e s s  s t e e l  
m a t e r i a l .  The major  f a b r i c a t i o n  e f f o r t  involved  t h e  welded Manifold Ring 
A s  s emb 1 y . 

The EA 2211-016-103 Torus Assembly was f a b r i c a t e d  u s i n g  Type 304 woven 
s t a i n l e s s  s t e e l  c l o t h .  This  m a t e r i a l  was purchased from t h e  Unique Wire 
Weaving Company. The m a t e r i a l  d e s i g n a t i o n  was 100 x 100 x 0.0045. Th i s  
means t h a t  t h e r e  a r e  100 w i r e s  p e r  inch i n  both  t h e  warp and f i l l  d i r e c t i o n s .  
The wire  diameter was 4.5 m i l s .  
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F i g u r e  56, Number 2 Nozzle Extens ion  Assembly 
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SECTION I X  

FULL- SCALE NOZZLE EXTENSION TESTS 

A.  INTRODUCTION 

It was o r i g i n a l l y  planned t o  conduct a c t u a l  h o t  f i r i n g  demonst ra t ions  
of t h e  5-2  engine  nozz le  e x t e n s i o n s  a t  t h e  a l t i t u d e  f a c i l i t i e s  of t h e  Arnold 
Eng inee r ing  Development Center  (AEDC), Tullahoma, Tennessee.  Th i s  t e s t i n g  
was t o  be accomplished a s  a p a r t  of e x i s t i n g  5-2 expe r imen ta l  a c t i v i t y  be ing  
conducted a t  t h a t  t ime. Due t o  changes i n  5-2 program p l a n s ,  t h e  a l t i t u d e  
t e s t  series a t  AEDC was c a n c e l l e d  and i t  was n o t  cons idered  economic t o  c a r r y  
o u t  a d d i t i o n a l  t e s t i n g  wi th  t h e  demonst ra t ion  of t h e  i n f l a t a b l e  nozz le  ex ten -  
s i o n  a s  a s o l e  o b j e c t i v e .  

As a compromise t o  t h e  d e s i r e d  hot  f i t i n g  demonst ra t ion ,  a series of 
co ld  f low deployment tests were conducted a t  t h e  Marsha l l  Space F l i g h t  Center  
w i th  t h e  4 8  t o  1 nozzle  e x t e n s i o n  a t t a c h e d  t o  a n  i n a c t i v e  5-2 engine.  

B. FLOW TESTS 

1. Genera l  

The primary o b j e c t i v e  of t h e  flow tes ts  was t o  e v a l u a t e  t h e  Airmat 
i n t e r n a l  p r e s s u r e  and t h e  p o r o s i t y  of t h e  nozz le  e x t e n s i o n  i n n e r  w a l l  under 
s t e a d y  s t a t e  f low c o n d i t i o n s  u s i n g  several flow r a t e s  of n i t r o g e n  gas .  

The second o b j e c t i v e  was t o  e v a l u a t e  t h e  d imens iona l  shape of t h e  
nozz le  e x t e n s i o n  when p res su r i zed .  

2 .  T e s t  Setup 

The number two nozz le  e x t e n s i o n  assembly, 6 = 48 t o  1,  was mounted on 
a 5-2  nozz le  a t  the  NASA t e s t  f a c i l i t y .  The f i r s t  two t e s t s  i n  t h e  series of 
flow tes ts  u t i l i z e d  t h e  GAC f a b r i c a t e d  nonr ig id  manifold assembly, whi le  t h e  
remain ing  tes ts  i n  t h e  series u t i l i z e d  a r i g i d  manifold assembly. 

A p i p i n g  schematic of the t e s t  s e tup  f o r  t h e  n i t r o g e n  gas supply  t o  t h e  
mani fo ld  i s  shown i n  F i g u r e  58. 

The l o c a t i o n  of t h e  p r e s s u r e  t a p  i n s t r u m e n t a t i o n  f o r  t h e  nozz le  ex ten -  
s i o n  and f o r  t h e  manifold i s  shown i n  F i g u r e  59.  

3 .  T e s t  Procedures  

A l l  f low tes ts  were i n i t i a t e d  with t h e  nozz le  e x t e n s i o n  i n  a deployed 

The l a t t e r  flow r a t e  r ep resen ted  
c o n d i t i o n .  
r ang ing  from 26 t o  4 6  pounds p e r  second. 
t h e  maximum flow a v a i l a b l e  w i t h  t h e  t e s t  s e tup .  Flow d a t a ,  manifold p r e s s u r e  
a t  two l o c a t i o n s ,  and A i r m a t  p r e s su re  a t  t e n  l o c a t i o n s  were recorded du r ing  
t h e  tests.  

S i x  s e p a r a t e  tests were conducted u s i n g  d i f f e r e n t  flow r a t e s  
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(RIGID TYPE) *MANIFOLD PRESSURE NO. 1 - 
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F i g u r e  59. I n s t r u m e n t a t i o n  Loca t ions  f o r  E x t e n d i b l e  Nozzle T e s t s  
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The l a s t  f o u r  tes ts  were conducted by opening t h e  nozz le  e x t e n s i o n  
i n f l a t i o n  va lve  p r i o r  t o  s t a r t i n g  t h e  flow. 
a predetermined va lue .  

The f low was t h e n  a d j u s t e d  t o  

No. 13 No. 14 No. 15 No. 21 No. 22 

0.60 0.56 0.57 0.52 
i.00 0.99 1.00 0.83 0.85 
0.90 0.90 1.06 - 1.05 
1.13 1.00 1.25 - 1.19 

- 1.38 1.75 - 1.69 
2.25 1.88 2.25 - 2.18 

4.  Test Data 

No. 23 

0.52 
0.80 

1.00 
1.25 
1.90 
2.43 

The f low and p r e s s u r e  d a t a  f o r  the s i x  tes ts  a r e  summarized i n  Table XX. 
The h i g h e s t  p r e s s u r e s  obta ined  du r ing  t h e  tests are t a b u l a t e d .  

During t h e  flow tests the  dimensional shape of t h e  nozz le  e x t e n s i o n  was 
v i s u a l l y  in spec ted .  
t e n s i o n  had a t r u e  c o n i c a l  shape. 

It was concluded t h a t  when p r e s s u r i z e d  t h e  nozz le  ex- 

No. 1 No. 2 

0.57 0.80 

0.99 1.00 
2.50 2.63 
3.00 3.13 
4.40 4.75 
5.50 6.25 

During the  tes ts  t h e  d iameter  of t h e  nozz le  e x t e n s i o n  e x i t  plane was 
measured a t  f o u r  l o c a t i o n s  each  45" a p a r t .  
t o  approximate ly  p lus  o r  minus one-half inch.  The f i r s t  and t h i r d  measure- 
ment was one inch  d i f f e r e n t  from t h e  second and f o u r t h  measurement. It was 
concluded t h a t  t h e  nozz le  e x t e n s i o n  a t  i t s  e x i t  was round. 

The measurements were a c c u r a t e  

No. 11 No. 12 

0.88 0.69 

1.62 1.25 
0.95 

1.20 P.19 

1.75 1.56 
2.25 2.00 

lbs/s& 

EN08 24.5 
EN11 28.5 

38.0 

EN13 46 .O 

Table XX. Extendible Nozzle Plow Test Data 
Steady Sta te  Conditions 

Ambient Pressure 14.37 PSI 

Nozzle Pressures (PSIG) 

*Peak values given t o  show maximum preasun obtained i n  nozzle during flow 

5 .  T e s t  Analys is  

No. 24 

0.46 
0.75 
0.98 
1.13 
1.75 
2.25 

No. 25 

0.45' 
0.72 
0.90 
1.08 
1.53 
2.00 

The i n d i v i d u a l  r ead ings  of t h e  A i r m a t  i n t e r n a l  p r e s s u r e  was averaged 
f o r  each  t e s t .  The flow r a t e s  were converted from pounds p e r  second t o  
pounds p e r  second p e r  s q u a r e  f o o t  of s u r f a c e  a r e a .  
nozz le  e x t e n s i o n  was 94.8 squa re  f e e t .  

The s u r f a c e  a r e a  of the  

The u n i t  flow and t h e  average pressure r ead ings  were p l o t t e d  on F i g u r e  60. 
T h i s  f i g u r e  c o n t a i n s  a p l o t  of c a l c u l a t i o n s  of  u n i t ,  flow v e r s u s  A i r m a t  p r e s s u r e  
f o r  d i f f e r e n t  p o r o s i t y  va lues  f o r  n i t r o g e n  gas and w i t h  a backup p r e s s u r e  of 
one atmosphere.  
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F i g u r e  60. Mass V e l o c i t y  vs A i r m a t  P r e s s u r e  - Extendable  Nozzle 
Flow T e s t s  

F igu re  60 p l o t s  show t h a t  t h e  p o r o s i t y  ob ta ined  was approximate ly  
1.2 percen t  which c o r r e l a t e s  w i th  p o r o s i t y  d a t a  obta ined  from l a b o r a t o r y  
t e s t s  du r ing  t h e  development e f f o r t s .  

It i s  noted t h a t  t h e  f low r a t e s  used i n  t h e  f low t e s t i n g  produced Airmat 
p r e s s u r e s  up t o  2 . 2  p s i .  This  i s  cons ide rab ly  less t h a n  t h e  Airmat o p e r a t i n g  
p r e s s u r e s  of 7 t o  10 p s i .  The c a p a c i t y  of t h e  t e s t  s e t u p  was however l i m i t e d  
t o  a f low of 46 pounds p e r  second. Th i s  f low r a t e  produced the  2.2 Airmat 
p re s su re .  This gas  supply  would have produced h ighe r  Airmat p r e s s u r e s  under 
s pa c e e nv i r onme n t  ope r a t ion .  

6 .  Replacement of t h e  F a b r i c  Manifold 

During t h e  second t e s t  t h e  f a b r i c  mani fo ld  f a i l e d  i n  i t s  f a b r i c  a r e a .  
Th i s  manifold was r ep laced  wi th  a r i g i d  mani fo ld  f o r  t h e  remaining tes t s .  
The replacement manifold had been designed and f a b r i c a t e d  d u r i n g  t h e  J-2X 
program which i s  summarized i n  Reference 1. The mani fo ld  was o r i g i n a l l y  
des igned  and f a b r i c a t e d  by t h e  North American Rockwell Corpora t ion ,  Rocketdyne 
D i v i s i o n .  Modi f i ca t ion  of  t h i s  mani fo ld  t o  match t h e  5-2 nozzle  e x t e n s i o n  
d e s i g n  was performed by NASA. 

The f a i l u r e  of t h e  non- r ig id  manifold occurred  i n  t h e  f a b r i c  a r e a  and 
the  f a i l u r e  was e x t e n s i v e .  The f a i l u r e  a p p a r e n t l y  was i n i t i a t e d  i n  t h e  a r e a  
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where t h e  f a b r i c  i s  c u t o u t  and a t t ached  t o  t h e  manifold i n l e t  f i t t i n g .  A f t e r  
t h e  manifold was o r i g i n a l l y  f a b r i c a t e d  i t  was determined t h a t  the manifold 
i n l e t  f i t t i n g  was t o o  sma l l .  
f a b r i c a t e d ,  and i n s t a l l e d .  Th i s  r equ i r ed  rework of t h e  f a b r i c  i n  t h i s  a r e a .  
A s  t h e  f a b r i c  was a l r e a d y  coa ted  wi th  a s i l i c o n e  e l a s t o m e r , i t  could not  be 
r e s i s t a n c e  welded t o  t h e  i n l e t  f i t t i n g .  
t o  a t t a c h  the f a b r i c  t o  the  f i t t i n g  f o r  t h e  rework. 

A l a r g e r  i n l e t  f i t t i n g  was s u b s e q u e n t l y  des igned  

Thus, a clamping arrangement was used 

It  was concluded t h a t  t h r e e  d i f f e r e n t  reasons  o r  combinations of t h e s e  
reasons  caused the manifold f a i l u r e .  

(1) The clamping a t tachment  of t h e  f a b r i c  t o  t h e  f i t t i n g  may no t  
have been as r e l i a b l e  a s  a welded a t tachment .  

(2) The f a b r i c  may have been damaged dur ing  t h e  i n s t a l l a t i o n  of 
t h e  l a r g e r  i n l e t  f i t t i n g .  

(3) The f a b r i c  used was a commercial s t a i n l e s s  s t ee l  c l o t h  
m a t e r i a l  which has  a low t e a r  s t r e n g t h .  

It i s  recommended t h a t  i n  any f u t u r e  non- r ig id  manifold d e s i g n  t h a t  
commercial s t a i n l e s s  s t e e l  f a b r i c  no t  be used because of i t s  low tear  s t r e n g t h .  
A s t a i n l e s s  s t e e l  f a b r i c  s i m i l a r  t o  t e x t i l e  r i p - s t o p  f a b r i c s  could be developed 
o r  a s t a i n l e s s  s t e e l  f a b r i c  could be woven u s i n g  m u l t i - f i l a m e n t  ya rns  s i m i l a r  
t o  t h e  f a c e  c l o t h s  of t h e  Airmat woven f o r  t h e  nozz le  e x t e n s i o n s .  These 
m a t e r i a l s  would have a h i g h e r  t e a r  s t r e n g t h .  

C .  DEPLOYMENT TESTS 

1. I n t r o d u c t i o n  

The o b j e c t i v e s  of t h e  deployment t e s t s  were t o  e v a l u a t e  t h e  a b i l i t y  of 
t h e  nozz le  e x t e n s i o n  t o  deploy from a packaged c o n d i t i o n  and t o  e v a l u a t e  t h e  
deployment gas p r e s s u r e ,  f low r a t e ,  and i n f l a t i o n  t i m e ,  t h a t  would produce the  
optimum deployment c h a r a c t e r i s t i c s .  

2 .  T e s t  Se tup  

The Number 2 ,  € = 48 t o  1, nozzle e x t e n s i o n  was mounted on a 5-2 nozzle  
a t  t h e  NASA tes t  f a c i l i t y .  
deployment t e s t s .  The p ip ing  schematic was t h e  same a s  used f o r  t h e  cold 
flow t e s t s .  See F igu re  58. 

The r i g i d  manifold was u t i l i z e d  f o r  a l l  of t h e  

The l o c a t i o n  of t h e  p r e s s u E  t a p  i n s t r u m e n t a t i o n  f o r  t h e  manifold was 
t h e  same as used f o r  the  flow tests (see F igu re  59).  
used on t h e  nozz le  e x t e n s i o n  d u r i n g  t h e  deployment tes ts .  

P r e s s u r e  t a p s  were n o t  

3 .  T e s t  Procedures  

The nozz le  e x t e n s i o n  was packaged by r o l l i n g  up t h e  Airmat m a t e r i a l  
s t a r t i n g  a t  t h e  e x i t  end .and  r e s t r a i n i n g  it  i n  p l ace  around t h e  engine  e x i t  
w i t h  a d h e s i v e  t a p e .  While t h e  r e s t r a i n i n g  method was no t  cons idered  t o  be a 
d e s i r a b l e  f l i g h t  des ign ,  i t  was an expedient  approach which i f  s u c c e s s f u l ,  
would s e r v e  a s  a wors t  c a s e  guide f o r  f u t u r e  r e s t r a i n i n g  technique  des igns .  
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A t o t a l  of e l even  deployment t es t s  were conducted.  During t h e  f i r s t  
s i x  t e s t s ,  EN15-1, EN15-2, EN15-3, EN17-1, EN17-2 and EN17-3, a predetermined 
p r e s s u r e  was s e t  upstream of t h e  i n f l a t i o n  va lve  and t h e n  t h e  i n f l a t i o n  va lve  
was opened t o  deploy  t h e  nozz le .  D i f f e r e n t  va lve  opening t i m e s  were used t o  
e v a l u a t e  t h e  optimum deployment procedure.  

0 .6  

1.5 

3.8 

During t h e  l a s t  f i v e  t e s t s  EN20, E N 2 1 ,  EN22, E N 2 3 ,  and EN24, t h e  
i n f l a t i o n  valve was opened a s  f a s t  a s  p o s s i b l e .  Only the  amount of gas 
s t o r e d  between t h e  p re s su re  r e g u l a t o r  and t h e  i n f l a t i o n  va lve  was used t o  
deploy t h e  nozzle  ex tens ion .  The volume of t h i s  gas  was approximately 5 . 5  
cub ic  f e e t  (see F igure  58) .  

21.0 

10.0 

5 .5  

4 .  T e s t  Data 

6.0 

6.8 

7.3 

7.0 

6.8 

6.9 

The t e s t  d a t a  recorded du r ing  t h e  deployment t e s t s  a r e  presented  i n  
Table  XXI. 

1.7 

0.80 

0.90 

0.75 

0.80 

0.85 

Table  Extendable  Nozzle Deployment Test  Data 

Test 
No. 

EN15- 1 

EN15-2 

EN15-3 

EN17- 1 

EN17-2 

EN17- 3 

EN20 

EN2 1 
EN22 

EN2 3 

EN24 

?re  s s u r e  

385 

735 

1225 

7 70 

1245 

1590 

15 14 

1601 

1575 

1540 

1523 

Valve 

Max % 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

Time = seconds 

5. Test  Analysis  

)penin$ 

T ime  

7 .O 

5 .O 

4.2 

3 .0  

3 .0  

2.5 

1.0 

1.25 

1.0 

1.25 

1.0 

Flow 

Max 

7.6 

19.0 

34.0 

20.0 

33.0 

46.0 

43.0 

46.0 

45.0 

44.0 

44.5 

Time 

21.0 

9.5 

5.5 

2.0 

2.0 

1.5 

0.9 

0.9 

0.92 

0.90 

0.85 

P r e s s u r e  = p s i g  

Ma n i  f o I d  
P r e s s u r e  #l 
Max 

0 .4  

1.3 

3 .3  

1 .5  

3.3 

5 .0  

5.8 

6 .2  

6.0 

5 .8  

6.0 

Time 

21.0 

10.0 

5.5 

2 .o 
2.5 

1.5 

0.85 

0.88 

0.75 

0.88 

0.80 

Manifold 
P r e s s u r e  #2 
Max T i m e  

I 

3.7 2.5 I 2 * o  

Flow = l b s / s e c  

The nozzle  e x t e n s i o n  deployed s a t i s f a c t o r i l y  from a r o l l e d - u p  p o s i t i o n .  
Photographs of t h e  deployment sequence a r e  p re sen ted  i n  F igure  61. 
V i e w  A shows t h e  nozz le  e x t e n s i o n  i n  t h e  r o l l e d - u p  p o s i t i o n  and r e s t r a i n e d  
wi th  adhesive t ape .  
s e v e r a l  s t a g e s  i n  deployment. F i g u r e  61,  V i e w  E shows t h e  nozz le  e x t e n s i o n  
f u l l y  deployed and p r e s s u r i z e d .  

F igure  6 1  

F i g u r e  61, Views B ,  C and D show t h e  nozz le  e x t e n s i o n  a t  
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A. ROLLED-UP AND RESTRAINED POSITION B. DEPLOYMENT SEQUENCE NO. 1 

C. DEPLOYMENT SEOUENCE NO. 2 

i t 

D. DEPLOYMENT SEQUENCE NO. 3 E. FULLY DEPLOYED AND PRESSURIZED 

Figure  61. Nozzle Extension Deployment Tes t  
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Test Number E N 1 7 - 3  was cons idered  t o  have e x h i b i t e d  the  most even deploy-  
ment c h a r a c t e r i s t i c s .  I r r e g u l a r i t i e s  were observed i n  s e v e r a l  deployments 
where t h e  i n i t i a l  downward movement was not  evenly d i s t r i b u t e d  around t h e  
e n t i r e  360" of t h e  packaged nozz le  e x t e n s i o n .  
t o  the  incons i s t ency  of t h e  adhes ive  t a p e  r e s t r a i n i n g  method and a more 
s o p h i s t i c a t e d  r e s t r a i n i n g  technique  should e l i m i n a t e  any i r r e g u l a r  deployment.  

Th i s  was d e f i n i t e l y  a t t r i b u t e d  

Even with the  non-optimum r e s t r a i n i n g  methods u t i l i z e d ,  t h e r e  was never  
a ca se  of incomplete deployment.  I n  a l l  ca ses  t h e  nozz le  deployed and achieved  
a f u l l y  p re s su r i zed  shape i n  less than  t h r e e  seconds.  
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SECTION X 

CONCLUSIONS 

t 

The o b j e c t i v e s  o f  t h i s  program were s e v e r a l .  However, t h e  major  one was 
t o  prove t h e  f e a s i b i l i t y  of f a b r i c a t i n g  f u l l - s c a l e  nozz le  e x t e n s i o n s  f o r  
improving t h e  a l t i t u d e  performance of rocke t  engines .  These e x t e n s i o n s  had 
a s  t h e i r  major requi rements  : 

(1) The e x t e n s i o n  s t r u c t u r e  t o  be  Airmat woven from s t a i n l e s s  
s tee 1 mu1 t i f  i lament yarn.  

(2) The rocke t  engine  exhaus t  gas  s i d e  o r  f a c e  of t h e  Airmat 
e x t e n s i o n  t o  be t r a n s p i r a t i o n  cooled u s i n g  t h e  pump d r i v e  
t u r b i n e  exhaus t  gas a s  the coo lan t .  

(3) The e x t e n s i o n s  t o  be packageable and deploy a u t o m a t i c a l l y  
upon p r e s s u r i z a t i o n .  

( 4 )  To demonstrate through thermal a n a l y s i s  and subsequent t e s t i n g  
t h a t  t h e  performance of the nozz le  e x t e n s i o n s  i s  p r e d i c t a b l e .  

The e f f o r t  completed on the  program has  e s t a b l i s h e d  t h e  f e a s i b i l i t y  of 
t h e s e  o b j e c t i v e s  and a l l  des ign  goa l s  have been 'met .  

The r e s u l t s  of  the ex tendab le  nozzle  concept i n v e s t i g a t i o n  a l lows  t h e  
fo l lowing  a d d i t i o n a l  conc lus ions  t o  be drawn: 

(1) The Phase I p re l imina ry  des ign  and a n a l y s i s  e f f o r t  e s t a b l i s h e d  
the  f e a s i b i l i t y  of  J-2s rocke t  engine  nozz le  e x t e n s i o n  having  
an expansion r a t i o  of 40 t o  1 a t  the  forward end and 80 t o  1 
a t  t h e  e x i t .  The J-2s coo lan t  gas supply  flow r a t e  a v a i l a b i l i t y  
of 9 pounds p e r  second was s u f f i c i e n t  f o r  t h e  nozz le  e x t e n s i o n  
ope ra t ion .  The weaving i n v e s t i g a t i o n  performed e s t a b l i s h e d  t h a t  
the  Airmat f a c e  p o r o s i t y  of one percent  o r  less could be 
achieved. 

(2)  By sub- sca l e  t e s t i n g  on an oxygen-hydrogen rocke t  eng ine , the  
f e a s i b i l i t y  of t h e  nozzle e x t e n s i o n  t r a n s p i r a t i o n  coo l ing  concept 
was proven. 
thermal and flow a n a l y s i s  methods and t h a t  e x t e n s i o n  performance 
could  be p r e d i c t e d .  

These t e s t  r e s u l t s  a l s o  proved t h e  v a l i d i t y  of  t h e  

(3) The o b j e c t i v e s  of t h e  c o n t r a c t  were f u r t h e r  expanded by t h e  
Phase I1 Program. Modif ica t ion  of t h e  loom t o  weave c o n i c a l  
Airmat was accomplished. Th i s  e f f o r t  r e s u l t e d  i n  the fo l lowing  
conclus ions :  

(a) Conical Airmat can be woven. 
A i r m a t  i n  s u f f i c i e n t  l e n g t h  t o  form a c o n i c a l  nozzle  from 
one-piece of Airmat was demonstrated.  

The a b i l i t y  t o  weave c o n i c a l  



(b) The d imens iona l  c o n t r o l  achieved i n  c o n i c a l  Airmat weaving 
was good; however, c l o s e r  c o n t r o l  i s  d e s i r a b l e  f o r  ve ry  
long Airmat pane ls .  This  c l o s e  c o n t r o l  could be achieved 
by t h e  use  of a loom designed f o r  t h e  s p e c i f i c  purpose.  

(c )  The c o n i c a l  Airmat was woven t o  a one pe rcen t  p o r o s i t y .  
To o b t a i n  lower p o r o s i t i e s ,  a d d i t i o n a l  loom modi f i ca t ions  
and exper imenta l  weaving wou I d  be r equ i r ed .  

(d) The wid th  of t h e  loom l i m i t s  t h e  l e n g t h  of t h e  nozz le  
e x t e n s i o n s .  The g r e a t e r  t h e  expansion r a t i o ,  t h e  longer  
the  l e n g t h  of t h e  e x t e n s i o n  and t h e r e f o r e  t h e  w i d e r  t h e  
loom t h a t  would be r equ i r ed .  

( 4 )  Addi t iona l  t e s t i n g  was accomplished i n  t h e  Phase I1 program 
which f u r t h e r  proved t h e  v a l i d i t y  of t h e  assumptions made i n  
t h e  performance of t h e  thermal  a n a l y s i s .  By t e s t s  conducted,  
a s a t i s f a c t o r y  s e a l i n g  c o a t i n g  was s e l e c t e d .  

( 5 )  An i n v e s t i g a t i o n  of  a deployment gas gene ra to r  was conducted. 
This  i n v e s t i g a t i o n  showed t h a t  a f t e r  development,  deployment 
gas  g e n e r a t o r s  could be procured f o r  r e l a t i v e l y  low c o s t .  

(6)  A co ld  f low t e s t  on a 5-2  nozz le  e x t e n s i o n  wi th  a n  expansion 
r a t i o  of 48 t o  1 was s u c c e s s f u l l y  accomplished. Airmat 
p o r o s i t y  va lues  c a l c u l a t e d  from t e s t  da t a  showed t h a t  t he  
p o r o s i t y  was i n  t h e  1 . 2  percent  range .  

(7)  Deployment t e s t s  were conducted on t h e  same 5 - 2  nozz le  
ex tens ion .  The nozz le  deployed s u c c e s s f u l l y  from a ro l l ed -up  
p o s i t i o n .  
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